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No university awards this “M. D.” degree: the men of 
the oil country have given the title of “Mud Doctor" to the 
Baroid service engineer, because his tests and recommen- 
dations help to maintain fast, trouble-free drilling. 

That “Mud Doctor” title is not just a flight of fancy. As 
drilling muds grow more and more complex, drillers and 
operators realize that drilling mud is a full-time proposition 
— a job for a specialist. So they call in the Baroid man to 
make tests, to recommend and to prescribe. His recommen- 
dations on mud are followed, probably more closely than 


you follow your own doctor’s advice, because these expe- 
rienced oil operators have found that it pays off in lower 


mud costs, faster drilling and safer operations. If you are 
not making use of the “Mud Doctor”, why not call him now. 


BAROID SALES DIVISION 
NATIONAL LEAD COMPANY 
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Here in a West Texas field is a typical 
installation of a Petton Long Stroke 
Hydraulic Pumping Jack. This is the most 
modern, most efficient surface pumping unit 
ever devised for the sucker rod pumping of 
oil wells. With PELTON, cach well may be 
pumped to its maximum potential and lift 
ing costs reduced to the absolute minimum 

Hundreds of PettTon installations in 
Mid-continent and California fields have 
proved Long Stroke Hydraulic Pumping 
the most satisfactory method for pumping 
the deeper wells and the shallow wells 
with heavy production 
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PELTON Jacks are avail 

with polished rod load ratings from 20,000 
to 40,000 Ibs. Stroke lengths 10, 20 and 
30 ft. The complete story on this 

and successful method of pumping i 


tained in PELTON’s new catalog 


PELTO MI water WHEEL COMPANY 
OIL INDUSTRY MACHINERY DIVISION 
2447 East 54th Street, Los Angeles 58, California 


Pumping Jack 


ae 


Long Stroke 
adelael'lite 


Sized for the load 


COUNTERBALANCE TANK: 
Pressure within equalizes 
rod and fluid load 


STRESS ACCUMULAT! 
Assures smooth steady strokes 


POSITIVE DISPLACEMENT PUMP, 
Closed cycle system 


SUCKER ROD_———_ 


Subsidiary of Baldwin-Lima-Hamilton Corp. 


LOS ANGELES + AVENAL + SAN FRANCISCO * DALLAS * ODESSA » HOUSTON +» NEW YORK + PHILADELPHIA 
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LUFKIN GIVES YOU the best in materials 
and design possible for our engineers to 
pack into each component part. Every 
part is made to be tough, so it will stand 
up under the toughest service—but easy 
to maintain. Note the features of these 
Lufkin assemblies which help to make 
Lufkin first in service, safety, dependa- 
bility and efficiency. 






































LUFKIN FOUNDRY & MACHINE COMPANY 


LUFKIN, TEXAS 
Branch sales and service Houston, Dallas, New York, Tulsa, Los Angeles, Seminole, Oklahoma City, 


Corpus Christi, Odessa, Kilgore, Wichita Falls, Casper, Wyoming; Great Bend, Kansas. 
Lufkin Equipment in CANADA is handled by 


THE LUFKIN MACHINE CO., LTD., 14321 108th Av , Ed ton, Alberta, Canada. 














LUFKIN . COOPER. BESSEMER LUFKIN Of FIELD ANO INDUSTRIAL INDUSTRIAL SPEED PEOUCERS 
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On the om Imperial-Redwater No. 58 emits clouds of steam in protest 
at Alberta, Canada’s —40°F temperature. The frost covered drilling rig is 
surrounded by billowing steam clouds from the boilers and the derrick base 
itself where drilling fluid reaches the surface from far below ground. — Photo 


by Imperial Oil. 
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are a GOOD Combination 
for a GOOD CEMENT JOB! 


WEST COAST 
Long Beach 7, Califorr 


aD 


SECTION 1 






































The Baker Model ’’K’’ Ce- 
ment Retainer is world 
famous for its success in 
all types of squeeze jobs 
and re-cementing for 
placing cement or fluid 
through tubing or drill 
pipe at any desired point 
behind the casing or 
liner; around the shoe; 
or into open hole below 
the shoe. Adapted for 
use as a Casing Bridge 
Plug. Either tool may be 
set on a wire line, as well 
as on tubing or drill pipe. 


e successful Co 
“first-time cementing 





e remedial cementing 


emany special 


drilling and . 
production techniques... 


The Baker Retainer Pro- 
duction Packer (Product 
No. 415-D) meets most 
production requirements 
with unequalled flexibil- 
ity, safety and economy. 
* Can be set on tubing 
or drill pipe— or on a 
wire line by your choice 
of the leading electric 
wire line service organi- 
zations . 


The Baker Model ‘’F’’ Stage Cementing 
Collar meets the demand for stage ce- 
menting equipment that will insure the 
fluid-tight integrity of the casing string 
after the cement has been displaced. This 
collar operates entirely by fluid pressure, 
and no movement of the casing is re- 
quired after completing the first stage of 
cementation. All internal materia! is 
readily drillable, leaving an unrestricted 
passageway. 


When your casing 
is equipped with 
Baker Model “‘G”’ 
Casing Centralizers 
(Product No. 
910-G) you know 
that itis REALLY 
CENTERED with 
better chances for 
a “first-time” 
water shut-off. 

* In directional 
holes ‘‘sled-runner- 
action” of the 
springs helps to 
get pipe to bottom. 


No more torn 
swab rubbers or 
packing elements. 
Slips on testers or 
packers can always 
contact casing. 

* A Baker ROTO- 
VERT Casing 
Scraper (Product 
No. 620-C) run on 
drill pipe, or a wire 
line, scrapes casing 
free from gun- 
shot burrs and 
hardened cement. 


Use Baker BAKWIK Drill 
Pipe Floats (Product No. 
480) to reduce wear and 
tear on wire lines and rig 
equipment. * Greatly re- 
duces possibility of wet 
strings due to clogged bits 
and drill pipe. 


The Baker Model 
“RT-8” Retrievable 
Cementer is a safe, 
positive, device 
for testing casing, 
or locating holes in 
pipe; placing 
cement, plastic, 
acid, or any other 
fluid; at any nec- 
essary pressure 
behind the casing 
or liner through 
perforations, or 

in open hole below 
the shoe. It is 
operated mechani- 
cally and is not 
dependent upon 
fluid pressure to 
set or release. 


BAKER OIL TOOLS, INC. 


HOUSTON + LOS ANGELES © NEW YORK 
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WATER SHUT OFF to Increase Oil Production 
by Dowell Plastic Service 


Water entry into an oil well can reduce production, 
inérease lifting costs and waste reservoir energy. 

A new well made considerable water on completion. Water 
Location Surveys made with the Dowell Electric Pilot 
revealed the point of water entry to be a top section 
close to the casing seat. Dowell engineers used plastic to 
shut off this water. First, gravel was dumped on bottom 
and capped with plastic to protect the lower producing 
section. After the cap had set, additional plastic was 
squeezed in the section between the cap and the casing 
seat. Following this, the plug was drilled through and the 
bottom section of the well was shot. Results were excel- 
lent . production was 240 BOPD with no water. 


Many workover and recompletion jobs have been success- 
ful as a result of Dowell Plastic Service. Experienced 


DowELL 


PLASTIC SERVICE 


Ask your nearest Dowell Sta omplete information 
Acidi 


val Se 


Pilot Services, Plastic Ser 
uipment, Jelflake 


and Bulk Inhib 


products zing Ser 
Paraffin S« 


ed Hydrochlo 


Rem 


” 


since 1932 


ZING «2 


yn these Dowell serv 


Dowell engineers spot the plastic in the right place using 
specially designed bailers or tubing squeeze techniques. 
The plastic enters the well as a fluid . . . hardening to 
an impervious solid after a predetermined time. Dowell 
Plastics penetrate the formation producing a positive 
bond and providing a permanent plug against encroaching 
fluids. Dowell Plastic Service has also been used to good 
effect in correcting high gas-oil ratios, in setting liners 
and in consolidating loose sands. 

Ask your local Dowell station or office for complete 
information on the many uses of Dowell Plastic Service 
in your well workover and completion programs. 


INCORPORATED 
ORLATOMA 
The Dow 


DOWELI 
ftLbsa l 


Subsidiary of Chemical Companys 


Lhe 









FOR OL INDUSTRY CHEMICAL SERVICE 

















Trends Toward Deeper Drilling Emphasize 
The Need for Extensive Laboratory and Field 
Tests to Evaluate More Fully Drilling Fluids. 


The Effect of Circulating Media and Nozzle Design 
On Rock Bit Performance 





By L. L. Payne 
Hughes Tool Co. 
N an attempt to discover the effecr of various circulating overcome the-e problems. Several field tests were made using 
| media and nozzle designs on rock bit performance. a seri¢ i conventional truck mounted seismograph rig. In the ab 
of laboratory and field tests have been conducted. Althoug sence of sub-surface water flows. circulation of air improved 
it is possible to conduct experiments in the laboratory. actual — rock bit performance. When sub-surface waters were encoun- 
conditions existing in the bored hole cannot be duplicated tered the wetted formation cuttings were not efhiciently lifted 
Consequently, most laboratory results require confirmatio ind severe balling oceurred on the drill stem, drill collar, and 
from field application. However, notwithstanding the limita bit body. Recorded results indicate usage of air in’ certain 
tions, interesting and informative results obtained from ta ireas would improve rock bit performance and lower drilling 4 
oratory tests may aid in planning future investigation Cost 
The most extensive field tests of a gaseous circulating me : 
CIRCULATION OF AIR OR GAS dium have been conducted during this year in the San Juan 4 
Basin located in Northwestern New Mexico. When rotary 1 
Laboratory experiments conducted over several year drilling into the producing gas pay with low water loss mud, ag 
proved that this type of medium was superior to a drillin or oil emulsion mud. damage to the producing zone, and loss 
fluid insofar as rock bit performance is considered. A speci of returns were serious problems. Drilling in with cable tools 
bit, mounted on a drill press and used for testing formatio became more or less a standard procedure. u-ually requiring 
cores received from various fields. consistently indicated i4 days for completion in addition to rigging up time. The 
higher drillability than actually obtained in practice. In the El Paso Natural Gas Co.. in seeking means of lowering com- 
laboratory, air was used to cool the cutters and to remove cut pletion cost and preventing damage to the producing zones 
P tings. Drilling was conducted under atmospheric pressure and nitiated a test of drilling in with retary while circulating 
this no doubt had a partial effect upon the more favorable natural gas tapped from their high pressure gas line. 
drilling rate obtained in the laboratory. The initial test was highly successful. as shown by the fol 
Extensive field tests were conducted in the fall of 1949 1 lowing data. Three 6'4-in. tricone rock bits averaged 280 ft 
determine the relative merits of circulating air compares per bit at 40 ft per hour, compared to seven bits averaging 65 
water while drilling a soft limestone encountered in a Michi ft per bit at 5 it per hour while circulating a low water los- 
gan limestone quarry. The initial test of circulating air con drilling fluid. The volume of natural gas used in the test 
firmed previous laboratory indications. On-bottom  drillin varied from approximately 1.000.000 cu ft per day to approxi 
time per foot of hole was reduced 50 per cent compared to — mately 2.000.000 cu ft per day. While cireulating 2.200.000 
previous results obtained while circulating water. Bearing — cu ft per day at 4.375 ft. from one and one-half to twe minutes 
life materially increased while circulating air and the footage — were required to clean the hole and while circulating 1.250.000 
per bit was doubled over the results obtained with water. The cu ft per day. from two to two and one-half minutes were " 
on-bottom drilling cost per foot of hole was reduced by hal required to clean the hole 
\ second field test was conducted in a Michigan dolomit Since the initial test. several additional wells have been 
quarry. On-bottom drilling time per foot of hole was reduced — drilled in with natural gas circulation. In each case reck bit 
by 20 per cent and the amount of hole drilled per bit wa performance was materially improved in penetration rate and 
doubled. A substantial reduction in total drilling cost) per footage per bit 
foot of hole resulted. The holes drilled vary in depth fret 
50 ft to 120 ft. At these depths pressure on the formation CIRCULATION OF FLUIDS 
differed only slightly while drilling with water or air. The 
results proved rather conclusively that when drilling in the Laboratory tests were performed to determine the effect on 
absence of sub-surface water flow a rock bit will perforn rate of penetration when the drilling fluid was changed from 
better with air used in the circulating system. water to mud. Previous laboratory tests had confirmed numet 
During 1950 a major operator became interested in circu. 0Us actual field observations that some muds adversely affected 
' lating air on seismograph rigs. Considerable difficulty had rock bit performance in drilling certain shales and sand 
been encountered in Canada during the winter months because stones. The results reported in this test were gbtained while 
of the extreme cold freezing the circulating fluid. Furthermors drilling on hard rock formations. 
in many areas a 1eady source of water is not available ar The results show a marked reduction in penetration rate 
must be trucked to the rigs. Successful drilling with air would when circulating a nine-lb per gal. 50-60 seconds per quart 
‘ viscosity mud compared to water. An increase in load applied 
“me Dtlshome City, Okla. Oct, 44 Sore iene on the bit reduced the loss in penetration rate slightly. 


‘ 
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Per Cent , : o TTT . ". one - 
oad on Bit Drilling Rate — Ft per Hour Slower 2. The effeet of mud circulation differs greatly in drilling 
I 


b Water Mud With Mud Formation different formations 


10.000 3.83 2.99 21.9 Blair Dolomite 3. Adverse effect of mud circulation decreased as circula 
20,000 10.28 8.68 15.6 Blair Dolomite tion rate increased 

10,000 1.66 1.17 29.5 Basalt 1. The percentage increase in weight required to maintain 
20.000 5.98 1.35 97.9 Basalt uniform drilling rate while circulating mud was greater 
20.000 6.07 8.13 18.5 Gray Granite when 100 psi back pressure was applied on the forma- 
0.000 4.29 3.15 26.6 Quartzite tion 


A series of laboratory tests was conducted to determine the THE EFFECT OF OIL EMULSION MUD ON 
effect of mud viscosity upon penetration rate. Water was used BIT PERFORMANCE 
to establish a standard rate. Basalt, a high strength rock. 
was used for the test. The results appear in the following 
table. 


The introduction of oil into most types of water-base drilling 
fluids to give an oil emulsion mud has accomplished outstand- 
ing results in drilling various formations. The drilling rate of 
some formations has been doubled: bit bearings and cuttin: 








Mud Viscosity Mud Slower than Water teeth have a longer life. resulting in more time on bottom 
Seconds Per Qt Per Cent Early in 1949, Gulf Oil Corp. tested an 11 per cent to 17 per 
30-35 30 cent by volume emulsified oil in a 10.7 Ib per gal lightly 
35-40) 13.6 treated phosphate mud in drilling a well located in St. Mar 
10-45 10.7 tin Parish, La. The results are tabulated below. 
$5-50 10.2 Drilling 
50-55 5.5 Well Drilled ‘Drilled Per Bit. “Hours, “Hours Ft Hy 
55-60 19.8 : r > 
60-65 19.5 i 9420-10429 S126 1 6. S21 | 
65-70 26.1 A Gale oped ae 


; Summary of Results: 
Although the test data are not consistent, it is quite obvious 


; 1. Saved seven bits and trips — a reduction of 46.6 per cent. 
that pentration rates are seriously affected by mud _ viscosity. ‘ 
: 2. Saved 64.5 rotating hrs 13.4 per cent. 
Field observations reflect an even greater penetration rate 3 
, 3. Increased bit life 20.1 hrs — 62.8 per cent. 
reduction resulting from changing a low viscosity high water s ms 
1. Increased footage per bit 59.8 ft 90.5 per cent. 
loss mud over to a moderate viscosity lower water loss mud 5. | 1 drill te .36 ft 17.4 t 
pA ’ nerea-ed ariliing rate a) Bi ° ver cent. 
\ 50 per cent reduction in rate is not uncommon and test oe 


The favorable results of the test in St. Martin Parish war 
ranted further investigation of oil emulsion mud by Gulf Oil 


Corp. in the Bully Camp Field, Louisiana. In this test 15 per 


runs ever short intervals have reflected a 200 per cent - 300 
per cent faster penetration rate with water circulation com 
yared to normal rate obtained with mud. rm 
I cent oil emulsion was added to the 15.2 lb per gal lime-starch 
mud while drilling at 9.008 ft. The data in the table reflect- 


the effect on bit performance of drilling with water mud com 


\ series of laboratory drill rig tests was conducted to de 
termine the effect of fluid pressure on the drillability of a 
formation. The drilling rate was held as near constant as 


pared to drilling with 12 per cent-15 per cent oil emulsion 
possible and the load on the bit measured by means of strain 








mud 
gauges attached to a base plate supporting the formation. A 
kT } y > Drilling 
‘ size as use ‘ sts. » table below is « 
7x-in. size bit was used in all tests, The table below is a Sectior Footage Bits Ft Rotating Bit Life Rate 
record of results with 6 psi back pressure on formation. Type Mud Drilled Drilled Used Per Bit Hours Hours = Ft/Hr 
Per Cent Water-Mud 5503-900 497 7 71 200 28.6 2.49 
Average More - 5% Oil 9008-95 19 2 24 8 43.5 3.66 
Volume Drilling Weight mUISIOS 
Circulated Rate Weivht on Bit. Lb to Drill . 
GPM Ft H Mud Water with Mud Formation Summary of Results: 
" a0? 7020 “T Rah Weak l. Saved five bits and trips a reduction of ) per cent. 
50° ' 1897 2.16 Sand Rock 2. Saved 113 rotating hrs 56.6 per cent. 
Ho 2028 ».57 Sand Rock x as 
60 2467 12.0 Soft Limestone 3. Increased bit life 14.9 hrs 2 per cent. 
100 7.80 1775 12.3 Soft Limestone ased to <_ . 70 1 . " 
Seishin cia aieiainadh tonme tee tate ' Increased footage per bit Vi > ft 24 » per cent. 
: ». Increased drilling rate 3.17 ft) hr 27.2 per cent. 
The test was repeated with 100 psi back pressure held on 


Subsequent tests along the Gulf Coast of Texas comparing 
the formation. The data recorded appear in the table below I ' 


the effect of water mud and oil emulsion mud consistent! 











showed marked improvement in bit) performance resulting 
Average 
Volume Drilling from the use of oil emulsion mud. Oil emulsion mud has had 
Circulated Weight on Bit, Lbs " 7 = an ” - “—_ 
: Mud Water eee a limited use in drilling the hard, high strength formations en 
0 5M 1750 Sand Rock countered in West Texas. The following table compares the 
Oe 2470 1847 Sand Rock 
60 2m4R 1R90 P-sonsie Rock results obtained on three wells drilled in the Yarborough- Allen 
100 7.9 1830 1575 Sand Rock Field. West Texas 
60 Ty th18 2535 Soft Limestone 
100 7.89 1922 1795 6.6 Soft Limestone 
Drilling 
. ‘ id obtained f the fie Bit Ft Rotating Bit Life Rate 
en ae eee oes We Used Per Bit Hours Hours Ft/Hr 
Summary of Results: \ 42 27.3 421 10.02 2.72 
K 23.2 467.5 9 35 2.49 
1. More weight on the bit is required to maintain a given \‘ ss AU bee 565.25 7.3 28 
e! reater rentonite 
penetration rate when mud is circulated compared to — Well B 
water Well ¢ Lightly treated bentonite containing 5 per cent emulsified oi 
é ” 
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Summary of Results: 


1. No saving in number of bits or trips. 

2. Saved 56 rotating hours 13.3 per cent 

3. A decrease in bit life. i 

b. Increased drilling rate 20.6 per cent compared to wat 
mud and 31.7 per cent compared to salt water-stare! 
mud. 

Tests in the Pegasus Field located in West Texas showed a 

footage per bit and a marked 


slight increase in 


increase in rate of penetration when drilling hard shale and 


average 


lime. The following table shows the results obtained in drilling 
through a section of hard lime and shale on two wells als« 
located in the Pegasus Field. The mud used in both case 
was similar, except for the addition of 5 per cent oil emulsior 
to the mud used on Well B. Well 


{ used water mud. 


Rotating Bit Life 
Hours Hou 


Footage Bits 
Drilled Used 


Drilled 


Ft 
Section Per Bit 


10481-11574 1093 20) 54.6 


10480-1157 1098 1s 61.0 


Results: 


a reduction of 10 per cent 


Summary ot 
Saved two bits and trips 
Saved 11.75 rotating hrs — 4.92 per cent. 
5.44 per cent. 
64 ft 
». Increased drilling rate .26 ft) hr 
The following table shows the results obtained in drill 


Increased bit life .65 hrs 


Increased footage per bit 11.7 per cent 


l. 

9 
. 
I. 


5.68 per cent 


the Devonian section which consists of hard lime and varyin 
Well 4 
10 per 


concentrations of chert. A water mud was u-ed on 


The mud on Well B was a similar mud with 7 per cent 
cent emulsified oil added. 
D 


Rotating Bit Life R 
Hour 


Footage Bits t 
Hours I H 


Drilled 


Section 


Ft 
Drilled Used Per Bit 
75.25 5.44 


340.00 6.55 


1112 69 16.15 
2372 1091 52 21.00 
$ bits pulled for drill stem test 


Well B: 5 bits pulled for drill stem test 


Summary of Results: 


1. Saved 17 bits and trips — a reduction of 29.6 per cent 

2. Saved 35 rotating hrs 9.35 per cent. 

3. Increased bit life 1.11 hrs 20.4 per cent. 

b. Increased footage per bit 1.85 ft 30 per cent 

5. Increased drilling rate .25 ft) hr — 8.4 per cent 

6. Greatest improvement in bit life and drilling rate was 
noted in sections containing chert. 

In Stephens County, Okla.. a large number of 3,000-ft well- 

Numerous cases 


have been drilled with emulsion mud are on 
record showing penetration rate increases of 100 per cent to 
200° per of 30) per 
to 50 per cent. 

The data obtained wells drilled 
with water base mud and with oil emulsion mud show that bit 
] 


cent and bit requirement reduction cent 


recorded from numerous 
performance, in general, is definitely improved when oil en 

sion mud is in the system. The degree of improvement differ 
widely. The greatest improvement appears to be in drilling 
low strength. relatively soft or plastic shales. The improvement 
in drilling hard. tough. high strength formations such as lime 
or dolomite is net as great as when drilling a hard. friable 
such as chert. The 
creases the rate of drilling and the effective bit life is not 
definitely known. It appears that several factors contribute 


formation reason oil emulsion mud it 


1. Reduction of torque and hole friction. The weight indi 
cator more accurately shows the load applied on the bit 

2. The wettings of the cutting teeth by the emulsified oil 
prevents loose formation cuttings from adhering to the 
cutters so that virgin formation is drilled with each re 
lution of the bit. 
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|. Lubricating quality of the oil increases bearing life and 
apparently decreases the formational wear on the cutting 

surtaces 

Sealing properties of the oil may prevent water from fil- 

tering into the well bottom, and the formation 

chips do not become mixed with the solids in the drilling 


4 which the teeth would 


virgin 


mud to form a tacky mass thre 
have to penetrate in drilling new formation. 


VARIOUS FLUIDS ON BIT 


BEARING LIFE 


Laboratory tests have been conducted to compare the effect 
of different fluids on bearing life. Optimum performance §re- 
sulted 
shortest 


EFFECT OF 


when circulating oil. On at least two occasions, the 
was noted when operating the test in 
standard commercial muds obtained from 
West Arkansas-Louisiana-Texas 


commercial muds might have become con- 


bearing life 
the presence ol 

drilling rigs in the Texas and 
areas. Since the 
taminated with harmful ingredients during circulation under 
normal field drilling practice. we repeated the laboratory tests 
using fresh muds containing’ the mixture recommended by the 
manufacturer. The results compared favorably with our rec- 
ords of test on standard bentonite mud. One mud. as received 
from the field. reduced bearing life in the laboratory by ap- 
proximately 50 per cent compared to standard bentonite mud. 
in epidemic of premature bearing failures 
of badly contaminated mud. These 
eliminated by discarding the old mud and re 
fresh mud. The life. 


conditions, inereased to normal and rock bit 


In field practice 
has been traced to the use 
failures were 


placing with bearing under the same 


operating per- 
formance reflected a reduction in cost. Oil base and oil emul- 
sion muds are beneficial to bearing life. Field tests have con- 
sistently shown that oil base mud improved bearing life com 
pared to other drilling fluids. In certain tests. bearing life 


was approximately twice that obtained with water base mud. 

Oil base mud adversely affects rate of penetration and foot- 
Its effect on bit performance is most pronounced 
Field data has shown 


ge per bit 
in drilling certain shales and sand rocks. 
a penetration rate reduction of 50 per cent. In Rangely, Colo.. 
rock bit performance records reflected a reduction in bit efh- 
cieney while drilling with oil base mud. Use of this type mud 
is justified only when factors other than rock bit performance e 


require it 


NOZZLE DESIGN 


Phe usual nozzle position causes the drilling fluid to impinge 
upon the cutters. A portion of the jet stream is deflected over 
the cutter 


tings. Field tests have established that a relatively large por 


surface and onto bottom for removal of loose cut- 
tion of the jet stream must iunpinge upon the outermost rows 
of gauge cutting teeth which are more prone to “ball up.” 
Diree ting the 
of the 


quate 


majer portion of the fluid upon the inner part 


cutter assembly deprived the outermost rows of ade 


jetting action and packing of loose cuttings between 


adjacent teeth occurred. The size of nozzles used must be a 


compromise. A minimum diameter is desired in the interests 


ot high jet velocity However jet veloc itv is limited because 


revere erosion of the cutter teeth is apt to occur when circu 
lating abrasive laden mud. 
to determine the relative merits of 


Tests conducted 


jetting onto the cutters and jetting between the cutters while 


were 


drilling a low strength. soft limestone. For each test the load 
100 ft/hr 
combination 


was recorded. 
with 


required to drill at 20 hr and at 
Water was 


nozzle size to produce approximately 250 ft/sec jet velocity 


circulated volumes in 


sing 
ising 
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MONIC ATED Om nG WEIGHT m as 
The results of the tests indicated that: 
1. Twenty-three per cent less weight was required to drill 
at 20 ft) hr 


bottom compared to weight requirements on the same 


with nozzles arranged to jet directly upon 
type bit having nozzles positioned to jet upon the cutters. 
Rotary speed was 100 rpm. 

”. ‘Ten per cent less weight was required to drill at 100 

ft hr while jetting directly upon bottom. Rotary speed 

was 375 rpm 

3. There was no appreciable difference in weight required 
te drill 100 ft hr at 100 rpm 


ited to a few 


Although this test was lim- 

runs, the results warranted additional in- 
vestigations. 

\ series of tests was conducted to evaluate nozzle position 

ks 


Was used. These 





while drilling with water and with mud on high strength r 
\ jet velocity of approximately 230 ft. sec 
tests provided data from which the following conclusions were 
made 

1. That the bit having nozzles arranged to direct the drill 
bottom drilled 
water or low water loss mud. 


ing fluid onte faster while circulating 


2. While circulating water the penetration rate differed by 
2.1 per cent. 


3. While circulating mud the penetration rate differed by 
16.3 per cent. 

1. While cireulating water through nozzles arranged to jet 

» 


the cutters the 


onte average penetration rate was 5.72 
ft br. Cireulating mud reduced the penetration rate to 
3.92 ft hr. or a reduction in rate equal to 31.4 per cent. 

5. That the average penetration rate of 5.84 ft/hr recorded 
while circulating water through nozzles arranged to jet 
onto bottom decreased to 4.56 ft) hr when mud was used 
in the system, or a reduction equal to 21.9 per cent. 

6. That 


the used of low 


a loss in rock bit penetration rate resulting from 
while drilling 
strength formations will be decreased by using a rock bit 


water loss mud high 


having nozzles positioned to direct the fluid jet 
bottom. 


onto 


rhe tests were repeated while drilling on gray granite with 
mud in the system. The penetration rate while jetting directly 
bottom 1.03 ft hr compared to 3.08 ft/hr 
jetting onto the cutters. 

The so-called “jet type” 


onto Was while 
reck bit utilizes the energy avail 
able in the circulating system by directing the fluid through 
ports of reduced diameter positioned so that the high velocity 
jets clear the rolling cutters and impinge directly on bottom. 
Since the only washing action on the cutters results from the 
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reaction splash across and off bottom, it is essential that ade 


quate jet velocity be established to clean bottom instantly of 
all loose formation 


in improved rock bit performance compared to the same type 


1 general, the use of high velocity fluid jets has resulted 


rock bit having conventional nozzles positioned to jet on the 
Where 
indicate the 
190 ft) se 


ing fluids is not 


cutters consistent improvement has been noted. the 


rec ords minimum yet velocity less than 
The minimum for all formations and for all drill 
definitely The reflect that 
good performance has in some instances been obtained with 


175 ft sec jet 


Was not 


known. records 


velocity. However, this velocity is inadequate 


for some conditions 

In running a jet tvpe rock bit. the complete requiremenis 
of the circulating system should be determined. A large num 
ber of rigs, particularly power rigs, having pumps and prime 
movers suitable for circulating through standard type water 
courses will require equipment changes if full benefit is to 
rock bits. In 


when drilling 


cases, the sizes of 
rock bits 
nozzles positioned to jet on the cutters are too large for drill 


rock bits 


approximate pressure drop across a conventional drilled water 


be realized from jet many 


liners normally used with having 


ing with jet 


The following tabulation shows the 


nozzle 





course (orifice coefficient .80). and across a jet type 
having three one-half in. ID jets (orifiee. coefficient .95), when 
circulating various volumes of 9.5 lb mud. 
Volume ” Jet 
Circulated Nozzle | sure Drop, psi Difference Velocity 
GPM li ts DWwe psi Ft/sec 
350 310 125 185 190 
375 B55 140 215 205 
100 105 160 245 220 
450 510 200 310 245 
500 630 250 380 270 


When the additional pressure required to circulate a given 
volume of fluid through high velocity jet nozzles is added to 
the pressure required for circulation through the balance of 
the system, the total pressure required may exceed the capac 


ity of the pump or prime mover 


For example: Drilling an 8%4-in. size hole at 6,350 ft and 
circulating 450 gal min of 9.5 lb/gal mud through 4!9-in 


OD drill pipe: 


with a 


360 ft of 644-in. OD by 2'4-in. ID drill collars 
would 
require a pump discharge pressure of approximately 1,140 
a bit having three ‘5-in. ID 


conventional type water course in the bit 


psi. Under the same conditions. 
nozzles would require a pump discharge pressure of approx 
imately 1,450 


would increase from approximately 


Prime mover requirements 
If the addi- 


operation 


horsepower 
390 te 500. 


high velocity jet bit 


psi. 


tional pressure required for 
exceeds the capacity of the pump or the prime mover, the 
problem may be one of selecting a liner size which will pro 
vide the volume required for efficient jet bit operation and 
still permit use of the pump or prime mover. Since 450 gal/min 
200 ft 


can be made. 


gives a return velocity of min. a moderate reduction 


in return velocity 
decide on 220 ft see jet velocity 


will be 


The required 
100 gal/min. If the pump 


Suppose we 
volume of fluid circulated 
18-in. stroke and 
minute, 6! ID liners would be required to produce 450 


had an were operating at 52 strokes per 
»-in 


gal ‘min (allowing 10 per cent for slip). In reducing the 


volume to 400 gal/min, 6-in. liners and 55 strokes per min 
would be required (allowing 10 per cent for slip). The return 
would be 177 ft This is 
range of accepted practice. The discharge pressure 
1.170 


360 hp would be required from the prime mover. 


velocity up the annulus min. well 


within the 
Approximately 


resulting would be approximately psi. 
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The 
pump or engine and still provide adequate volume of circu 
fluid for 
designed to withstand a maximum discharge pressure for a 


reduction in liner size would prevent overloading the 


lating jet bit operation. Since power pumps are 


given liner size, the components of the circulating system 
should be selected so that total fluid friction losses will not 
exceed the maximum safe operating pressure. This control 
in some cases, can be obtained by selection of nozzle diameter 
in other cases liner size in the solution. A third choice is drill 
pipe size. The following friction loss inside drill stem reflects 
the marked difference in pressure required to circulate a 
fluid having a weight of 9.5 lb/gal and a 


given volume of 


viscosity of three centipoises. 


Size of Volume Circulated Frictional Loss psi 


Drill Stem GPM Per 1,000 Ft Per 6,000 Ft 
2” IF 375 250 
‘FH 375 100 
"XH 375 55 

* IF 500 140 

” FH 500 190 
"XH 500 95 


1,500 
600 
330 

2.640 

1,140 


570 


Rock bits having high velocity nozzles are much less flex 


ible than standard bits, and minimum hydraulic requirements 
will exceed the capacity of many rigs. Reduction in pump 
liner size will not solve the problem in all cases, since the 
return velocity up the annulus would be inadequate for eth 
cient lifting of cuttings. The size of hole being drilled may 
prevent the use of a larger size drill stem, thereby preventing 
a desired reduction in friction loss down the pipe to compen 
sate for the additional pressure required to circulate through 
the jet bit nozzles. 


CONCLUSIONS 
medium 
optimum substance to circulate for attaining maximum 


\ gaseous such as air or natural gas is the 
rock bit performance. 
Rock bit performance is improved when drilling with 
water as compared to mud. 
Oil emulsion mud improves performance in certain for 
mations compared to water base muds. 
Oil base mud retards bit performance in certain forma 
tions. 
Rock bit bearing life is materially shortened by contam 
ination of the drilling fluid with corrosive elements. e.g 
salt or hydrogen sulfide. 
6. Nozzle position has a bearing on reck bit performane 
7. Nozzle design affects hydraulic requirements 
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DISCUSSION 


By George E. Cannon, Humble Oil and Refining Co., Houston, 
Tex... Member AIME 

The paper presented by Payne points out in part the prob 
lem with which drilling and operating personnel are becoming 
more and more concerned —- drilling wells faster and cheaper. 
In this case, the effect of circulating media and nozzle design 
on rock bit performance is considered. It should perhaps be 
emphasized that these are only two of the factors which affect 
rock bit performance. On the other hand, they are important 
e-pecially when considered in connection with the other fac 
tors which affect rock bit performance, such as bit weight, 
rotary speed and formation hardness; and their connection to 
these other factors should be kept in mind when studying this 
paper. 
logically divided drilling fluids into two 
classes, namely, air or gas and liquids such as water and mud. 
We have done no work in the field of air or gas drilling but 
have followed the résults obtained by other operators with 
great The results obtained to date certainly indicate 
thai this field holds great promise under certain conditions. 

In the field of mud and water drilling. we are making quite 


Payne has very 


interest. 


an extensive investigation and have accumulated considerable 

experimental and routine drilling data. Our results may be 

summarized as follows 

1. We have found no liquid which will drill faster than 
water. 

2. The primary property of drilling muds which causes a 
decrease in reck bit pentration rates appears to be weight 
or solid content. 

3. Penetration rates appear to decrease when drilling with 
muds having low water loss. 


1. High 


no effect on penetration 


little or 
rates unless these properties are 


funnel viscosity or gel appears to have 


due to high solid content. 

Since the test data presented by Payne on the effect of mud 
viscosity do not indicate the range of the mud weights used, 
it may be assumed that perhaps a variation in mud weight 
difference in 
be stated that our 


rather than viscosity caused the penetration 


rates shown. In general. however, it) may 
experience substantiates the conclusions presented by Payne 
in his summary of results. 

It is our belief that drilling fluids affect penetration rates 
in two different ways: The first of these is the effect they have 
on the instantaneous cutting action of the bit and upon its 
tendency to ball up: the second is the property of these fluids 
which controls the amount of lubrication and consequent drag 
in the hole. Our tests indicate that oil and oil emulsion muds 
retard the instantaneous ¢ utting action in the same manner as 
conventional muds. but that due to their lubricating action, a 
greater proportion of the indicated bit weight is actually 
applied at the bit and that this is the reason that increased 
penetrating rates have been indicated by oil emulsion muds. 

With regard to nozzle design, or perhaps more properly, 
nozzle utilization, it has been our experience that penetration 
rates have been uniformly increased by the proper use of 
jet bits. 
water using jet bits, a field test utilizing the duplex sub to 
drill a hard in West Texas showed that the 


jets have increased penetration 


lo supplement the data presented on circulating 
lime formation 
rates, compared to those ob- 
tained with conventional water courses, from 10.5 to 30.7 per 
cent. The average increase obtained was 19.7 per cent. 

lo obtain the full advantage from the use of jet bits with 
any circulating medium requires that the maximum weight. 
just short of the balling-up point. must be carried. This is 
clearly indicated in the figure. If a weight on the bit, in thi- 


Continued on Page &. Section 2 
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one of many 


Other Reasons Why 
HALLIBURTON’S best: 


ai, Poe 7 
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25 YEARS RESEARCH 
BACKS UP YOUR TEST 


Halliburton alone offers a 
testing service developed and 
improved by 25 years of en- 
ergetic, grass-roots research. 





MOST ADVANCED 
TOOLS AND TECHNOLOGY 


Halliburton’s highly special- 
ized tools and exclusive fea- 
tures, its superior knowledge 
and experience, help make 
misruns a rarity. 





YOU GET REAL 
PERSONAL SERVICE 





Your Tester stays on the rig 
from start to finish of your 
test—giving you his full-time 
attention during this highly 
important operation 


« i.’s Greater 
Accuracy in Pressure 


Recording 








reasons why HALLIBURTON’S best 
... for your DRILL STEM TEST! 


You get far greater accuracy from the Bourdon Tube Pressure Re- 
cording Device—and only Halliburton has it! 

The absence of packing glands in the Bourdon Tube makes it 
much more sensitive to slight variations of pressure than other types. 
In many wells this super-sensitive instrument has made an important 
difference in the Test report. Operators who know about it won't 
have anything else. 

The Bourdon Tube is a part of every Halliburton testing string. 
So is Halliburton’s Standard Pressure Recording Device. You get 
both records—immediately after the test—at no extra cost! 

B.T’s pressure recording is reproduced photographically —not by 
hand—which eliminates the chance of human error. It is first cali- 
brated by Halliburton’s field unit, a unit kept precision accurate 
through regular checks by the traveling laboratory. Then the original 
B.T. recording is sent back to Halliburton’s home laboratory for a 
thorough double-check. You get this original within 7 days in a 
complete folder—the most accurate pressure recording modern science 
can make. 

No other testing service can give you this greater accuracy in 
pressure recording—for Halliburton alone offers you the Bourdon 
Tube. It is one of the many reasons why Halliburton’s best for your 
drill stem test. Get this greater accuracy, and other exclusive Halli- 
burton features, on your next test. 

HALLIBURTON OIL WELL CEMENTING COMPANY, DUNCAN, OKLAHOMA 





YOU'RE ONLY MINUTES AWAY 


Halliburton has hundreds of 
highly-trained Testing Specialists 
experienced in every type of well. 
One of these Testers is only min- 
ules away. 


YOU'RE SURE IT'S AVAILABLE 


Each Halliburton Tester is com- 
pletely equipped with the latest 
tools and ready to go as soon as 
you call. Phone him before you 
come out of the hole. 
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Here Is What the Gas Industry Is Doing 
To Meet Demand and Necessity in One of the 


Fastest Growing Industrial Communities in the World. 


Gas Supply and Requirements in California 


By S. A. Bradfield 


Southern California Gas Co. 


PANO understand properly the gas supply and demand situa 

| ipt in California one significant fact must be kept in 
mind: To the California householder, gas is the universal fuel 
He looks to the state’s gas utility companies to supply him 
with fuel for househeating, cooking and water heating, and 
to a somewhat lesser extent, refrigeration. His dependence on 
gas is traditional since California, unlike many other 
of the country, does not have major coal deposits. 


parts 


California’s cities are young. almost as young as the petro 


leum industry which supplies them with natural gas. The 
major portion of the state’s growth has taken place since the 
turn of the century, particularly in the more populous southern 
half. The two world wars, the intervening period of boom and 
depression, and the post-World War Il period have seen an 
unprecedented population increase and the development of an 
enormous west coast industrial empire. Fuel for both domestic 
and industrial growth has been supplied almost exclusively by 
the expanding petroleum industry through equally expanding 
facilities of the state's utility companies. To tell the 


story of the growth in California’s gas requirements is the 


gas 
prime purpose of this paper. 


Increase in Requirements 


California's modern history is the story of many booms, but 
it was not until the first World War that its 
trialization and attendant domestic growth began. In 
the beginning of California’s 
development, the state’s population was 3.426.861. During the 


indus 
1920, 


major 


Southern greatest period of 
ensuing 30 years. population more than tripled to a present 
total of 10,586,223. 

The most rapid increase in population has occurred in the 
the including Angeles 
contiguous territory. The 14 counties comprising the southern 


southern portion of state. Los and 
half of California have increased in population from 1.512.859 
in 1920 to 6.095.394 in 1950. 

Though the increase in California’s population has been 
rapid, the use of natural gas has more than kept pace. In 
1935 there were 1.486.640 general service customers in the 
state who consumed 71,638,340 Mcf of gas. In 1950. there 
were 2.880.180 who used 249.315.5605 Mcef. 
number of customers of 93 per cent but an increase in 
consumption of 248 per cent. Obviously, the increased number 
of gas users does not tell the whole story of the firm gas load 


an increase in the 


vas 


increase. 

To further illustrate the increased gas usage by California 
householders, the average general service customer in South 
ern California used about 83 Mef of gas during the relatively 
cold year of 1949. In 1940, a somewhat warmer year, he used 

This paper was presented at the Petroleum Branch, AIME, Fall Meet 


Angeles, Calif, Oct. 26, 1951, and at Oklahoma City 
3-5, 1951 


ing in Los 
Okla Oct 
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only 58 Mef, and it has been estimated that with weather 
conditions comparable to those experienced in 1949, he would 
have used 63 Mef. In other words, the average general service 
now uses approximately a 
years ago. The increase in 


customer in Southern California 
third more gas than he used ten 
the northern part of the state has been even more pronounced 
(Fig. 1) 

This increase. no doubt is due to several reasons. The war- 
time and post-war business conditions have had their effect, 
and possibly an even more important factor has been the post- 
war rush of home owners to install gas appliances for diversi- 


fied uses, 


Industrial Growth 


Population and industrial development have increased con- 
currently throughout the state. However, as a prelude to any 
discussion of industrial gas usage. one point should be made 
clear: The primary obligation of gas utility companies through- 
out the state “firm” customers, the householders 
and commercial establishments who use gas primarily for 
heating. Transmission and dis- 


is to their 


heating and water 
tribution facilities in general are designed for the purpose of 


cooking, 


meeting peak demands of firm customers. 


California’s major industrial expansion began with the first 
World War. Prior to that time, the state’s industries had in 
general been small, and largely confined to activities dealing 
with agriculture and mining. With the major petroleum dis- 
coveries which were made during and immediately following 
World War I, a general industrial expansion began. This ex- 
pansion gathered momentum shortly before the second World 
War. Contrary to expectations, there was no major slow-down 
after the but rather a return to a slightly higher than 
normal level of activity. With the development of the Korean 
situation, the increase in industrial activity again 
soared in a manner reminiscent of 1940-41. Throughout this 
expansion period, the petroleum industry has remained one 
of the dominating factors in California’s industrial economy. 
Obviously, increased industrial production represents an in- 
creased market for fuel. The production and refining of petro- 
leum is no exception, and therein lies a most important con- 
sideration with respect to the California gas supply picture. 
Since a very large proportion of the natural gas produced in 
California comes from oil fields, much of the local supply is 
closely allied with the rate of oil production. The portion of 
this supply which is available to utility companies, however, 
is also related to the use of gas by the oil companies in pro- 
duction and refining operations. This use by the produvers has 
increased tremendously during the last 10 years. 


war 


rate of 
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FIG. 1 NUMBER OF GENERAL SERVICE CUSTOMERS AND TOTAL 
ANNUAL GAS USE BY THESE CUSTOMERS IN CALIFORNIA 
Gas Supply 
Twenty tive years age, California s as upply Wade hore 
than ample for all requirements. In the southern portion of 
the state, such fields as Signal Hill. Santa Fe Springs. and 
Dominguez provided an over abundance of gas to the Los 


Angeles area. The problems involved in getting this gas to 


market were minor too because these major sources of supply 


were all within a stone's throw of the Los Angeles metropoli 
tan area 

In the San Joaquin Valley to the north. Kettleman Hills 
Elk Hills and the Midway-Sunset area near | provided 
large supplies for both Northern and Seuthern California, 


Island and 


MeDonald 
-upplies, 


Rio Vista dry gas fields provided even greater 


while the opening later of the 
while 


additionalh major volumes of gas were available in the Coastal 


1 
area between Ventura and Santa Barbara 


Rapid development of the fields in and around Los Angeles. 


and the tremendous growth of this area. led to increasing de 


pendence upen the San Joaquir Valley and Coastal produc 


tion to meet Southern California's demands. By the beginning 


of World War 


about 60 per cent of the gas supply to the 


Los Angeles area market was being imported from other areas 
of the state. By this time also. Northern California was begin 


ning to place more dependence the dry gas supplies 
from the Northern and Central San 

We have spoken of the 
panies in carrying out their preducing and refining operations 
In addition to field fuel 


ever increasing quanties of gas have been. and 


ipen 


” Wuin Valley. 


inereasin use ot gas by oil com 


increased plant and consumptions, 


are being used 
for field pressure maintenance and repressuring operations 


California has enacted no formal legislation dealing wit 


oil and gas conservation, but California oil producers are fol 


lowing a conservation program of considerable magnitude 
Ultimately ing re-injected for 


doubt 


much of the gas currently be 
ivail 


has had 


pressure maintenance purposes W Il. ne become 


able 


to consumers. Presently. however, the program 
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the effect of 
(Fig. 2 


Because the 


removing from the market some 500 MMef of gas 
daily 
market for gas has increased so greatly and 
because California supplies available to utility companies show 
i marked decline. it has been necessary for these companies 
o seek additional supplies outside the state 

The first importation of gas into California was undertaken 
jointly by Southern California Gas Co. and Southern Counties 
Gas Co. of California in collaboration with the El Paso Nat- 
ural Gas Co, Under terms of the agreement among these, three 
El Paso Natural Gas Co. built 
West 
der, and the two California companies constructed a pipeline 
to take the gas 
ket area 

In the original plans, the California companies contemplated 


companies, the a pipeline to 


transport gas from lexas to the Arizona-California bor- 


into the heart of the Southern California mar 


receiving 125 MMef of gas daily during the first year of opera 
1947-48; 175 MMef during the second, third and fourth 
and 305 MMcf daily in the fifth and succeeding years. 


tion 
vears 


However. the rapid and continuing growth in Southern Cal 


ifornia made it imperative that this timetable be stepped up 
First, delivery of the 305 MMcf/D was moved up from the 
end of 1952 to the beginning of 1949. Then. under a supple 


mentary agreement. the El Paso Company undertook to supply 


an additional 100 MMct D as soon as the necessary addi- 
tional facilities could be installed. Deliveries of 405 MMef/D 
were begun in the summer of 1950 and are currently being 
made. 

In the fall of 1950. also, the Pacific Gas and Electrie Co 


completed a pipeline from the San Francisco Bay area to the 
California-Arizona border to connect with El Paso’s facilities 
By November or December of 1951, it was expected that this 


line would deliver 400 MMcf. D to Northern California from 
West Texas and the San Juan Basin. To make possible these 
deliveries in addition to its supply to Southern California, El 
Paso Natural Gas Co. has paralleled nearly their entire main 
line system and has installed a new line from the San Juan 


Basin to the Arizona-California border. 


In the light of mo ent estimates of California’s future 


Co.. 


st re 


gas ents. Southern California Gas Southern 


requiren 


Counties Gas Co. and Pacifie Gas and Electric Co. have re 
quested El Paso Natural Gas Co. to increase deliveries into 
the state by 200 MMef/D in the fall of 1952, and by an 
additional 100 MMef. D in November, 1953. If current nego 


tiations for the additional supply are successful, facilities for 


its delivery will be « ip inded by installation ot additional pipe 


line and compressor station capacity during the next two 
Vears 
Load Equation 

One of the major problems faced by the California utility 


companies is in the balancing of supply with demand on sea 


daily 
The oper 


sonal and hourly bases 


ition of a large pipeline. such as the Texas-Calif 
onomical only under a high load factor 
utility the 


intities of California oil well gas production 


ornia system, can be ¢ 


Also. ¢ 


vatlable q 


ilifornia gas companies handle maximum 


this means that large quantities of gas 


On the supply side 
{ day 


day in and out 
Generally speaking. facilities are 


peak day requirements 


are received by the utility companies 


throughout the vear con 


structed tor the purpo-e of meeting the 


of the firm gas customers. Peak days are rather infrequent but 
inies must be in position to supply these maximum 


tility « omp 
demands 
gas is 


of the 


moment 


\s a re-ult. for the greater part vear, more 


to supply firm 


than the total 


required at the 


demand. Uf the total annual supply is greater 
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ga~ is available to supply other 


ial firm demand 

requirements 
Much of the industrial gas usage in California is o 
terruptible basis. Industrial customers are supplied w 
ga- as primary fue! with the understanding that service w 

curtailed during periods when the gas is required for fi 
ise. These industrial plants. of course, provide their ow 
standby fuel supplies to meet these contingencies. This a 
rangement presently provides a very satisfactory cushion. a 
enables utility companies to maintain the required high load 
factor on their long transmission systems 

\- the total annual supply approaches the total annual fir 
requirement, however. the amount of gas available for inter 
ruptible industrial use obviously decreases. Nevertheless. be 
cause of seasonal temperature variation, there will still be 
large part of the vear during which supply will exceed fir 
demand. Conversely. during winter months, the demand at 
times will exceed the available normal supply. To absorb th: 
excess gas during summer and provide an adequate sup 
during winter, means of storing large volumes of gas 
De provided. 

Since the gas utility companies operating in the nortl 
part of the state have had access to the major portion of tl 
state's dry gas reserves, they have as vet not found it necessa 
te develop major seasonal storage. However. since the So 
ern California companies have had at their dispesal on! 
elatively small supply from dry gas fields which could 
jut in or withdrawn at will, they have been the first to mak 
se of large storage projects 


La Goleta drv gas field. located on the coast north of Sant 





Barbara. is one such project. It was discovered in 1929 
General Petroleum Corp.. and during the following 10 vear 
ibout 15 billion cu ft of gas was withdrawn to augment s 
plies for essential usage in Southern California during period 
of heavy winter demand. The field, which is owned and ope 
ited by Pacific Lighting Gas Supply Co.. a non-public utilit 
~ used as an underground storage reservoir for locally pr 
duced gas. The reservoir has a working capacity of 10 billio 
eu ft between established pressure limits. and an estimat 
total capacity of 50 billion cu ft. During the summer mont 
gas from neighboring oil fields is purchased and stored 
Pacific Lighting Gas Supply Co.. and during winter per 
peak demand is delivered by them to the = systet 
Southern California Gas Co. and Southern Counties Gas ¢ 


it rates as high as 375 MMef/D. 


\ second similar underground storage operation is cart 


on by Southern California Gas Co, at the Playa del Rey 
field near the coast just west of Los Angeles 

The subterranean reservoir there is only a fraction as large 
is at La Goleta. having an estimated total capacity of \ 
billion cu ft as compared to La Goleta’s 50_ billion. The 
smaller field. however, has a material advantage in being nea 
the market area and immediately available for quick supple 
mental gas supply to meet operating emergencies and extreme 
peak hour demands. 

Gas can be injected into Playa del Rey at rates up toe 20 
MMecf D. and present facilities provide for withdrawal at a 
maximum daily rate of 120 MMef. To provide for even greater 
flexibility in the use of the field, facilities are currently being 
installed which will approximately double the rate at whic! 
gas can be injected. This will permit operation of the proje 


on a day-to-day basis somewhat similar to the operation of 
conventional above ground holder. The working capacity 
this reservoir. however. approximates one-half billion « 
the equivalent of 50 of our larger holders 

These two projects currently represent the major part 
the underground sterage operation in the state. As the ant 
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| ipproa t innual primary gas suppls 


idditional seasonal storage must be developed to 

As another means o neeting peak hour and peak dav re 
juirements, the utility companies have built into the latest 
idditions to their transmission pipe line svstems. considerable 
quantities of storage capacity. As an example, the pipeline 
ystem of Southern California Co. and Southern Counties Gas 
Co. from the Arizona-California border to Los Angeles has 
i storage capacity of about 60 MMef when operated on a pack 
ind draught basis. Constant input of 405 MMef D can be 
1intained at the state boundary while withdrawals at the 
Los Angeles end may fluctuate widely depending upon pre 
tiling load conditions 


To supplement all other supplies during hours of peak 


and. all utility companies ilso maintain the conventional 


yrve round tig wv low-pressure gas holders 


Supply vs Requirements — Present and Future 


This vear. thanks to the far-sightedness of leaders im the 


as industry both on the vast and in the mid-continent area, 





California gas use ire enjoving an adequate supply of fuel 
During st ibly mild winter of 1950-51, even inter 
ptible industrial customers enjoved the use of gas to a 
vreater extent than the id for several vears. Because 1951 
= bee i varmer than normal vear throughout the 
tate howeve the tatistics relating to gas supply and ae 
ind for this vear ma , nisleading 
Because of great ised military and detense activity 
ras | Calit Public Utilities Commission earls 
ar ordered at vestigation “to ascertain the present 
i pot il demand » and availability of gas in Califor 
ind t need fo ind preprietvy of. emergency modih 


Continued on Page Section 2 


. / 

/ 

} 

; 
J 
ra 
/ | 
/ 
} 
/ 
: 
j 


FIG. 2 SAS INJECTED FOR REPRESSURING AND PRESSURE MAINTE 
NANCE MMcf D 
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BS&B 70G indirect heater on Carthage, Tex. system 
(Right) a 10 year-old BS&B indirect heater still in use 
for auxiliary service 


Putting the heat on the 40 Million CF of gas 
flowing daily through the 12 line of an 
extensive gathering system near Carthage, 
Texas, has been greatly simplified by the use 
of four BS&B Series 70 Giant heaters over a 12 
mile stretch. With a 4 million BTU hourly in- 
put and a thermal efficiency better than 70%, 


SAVES FUEL GAS —at rated capacity, the overall thermal eff 
more highest of any heater unit 


SAVES UNIT COST Series indirect heaters are fabricat 
ing from 250,000 to 4,006 BTU input per hour 1 heater 
ind oil heating job 

















SAVES MAINTENANCE COSTS — easier to service because firel 
in be pulled separately —from opposite ends 


SAFER WATER LEVELS—the exclusive BS&B Water Saver 
water vapor, returns it to main water bath 


GREATER FLOW TUBE SURFACE — it's the square feet of transf 


count the BS&B flow « offers more surface 


GREATER SAFETY—the va ind oil are completely sea 
surrounded by water; the even heat of water bath red 


vents burnouts 


BS&B ENGINEERING SERVICE —always available, the highly 


service of ir nearl BS&B sales engineer—the er 

Black Ss nd Br 0 nd Gas Division at O 

the f ntly staf nd equipped sales and engir 
BS&B in the oil country 


:QUIPMENT DIVISION. DEPT. 1BL1 | 





Make Sense « Save Dollars 


on This East Texas 
12 Inch Gathering Line... 


these BS&B Giant indirect Heaters not only 
reduced the initial heater purchase and instal- 
lation cost to a minimum but are saving 
money on fuel consumption and maintenance 
every day. They're constant proof that econ- 
omy and efficiency are partners in BS&B oil 
field equipment. 


‘US star lard) and 70B (Oantam) 
BS&B heaters at a South Texas well 
1 ed with two-stage separation 
)% or The BS&B 70 series heater reputat 
rré if tvhas made it the 7 st pe p 
’ stallatior 






¢ OKLAHOMA erry, OKLA. 














The History and 


Harry \ 


neer for Cameo. Ine.. 


Richer. Jr. gas lift’ engi 
in Houston, Tex. 
spoke on the development of gas lift 
equipment and processes fo a meeting 
of the Pacific Junior Group recently, in 
Downey, Calif. Opening his discussion 
with remarks on the early applications 
of gas-lift 

length the various factors within the 


Kicher later discussed at 


individual well which influence its use 
fulness. A condensation of his talk fol 
lows 


\ir-lift. the 
vas lift. was first used in Chemnity 


grandfather of modern 


Hungary. in 1782. to lift water from a 
sh 


flown mine aft. Large scale proj 





ects lift water from mines were put 
te use in the latter part of the 19th cen 
tury and the early part of the 20th cen 
tury. Compressed air was used to empty 
water from flooded mines in Cuba. 


Mexico, 


many times during this period. The 


\rizona) sand Pennsylvania 
most famous of these mines was the 
Old Dominion Mine at Globe. Arizona 
which had been flooded by heavy rain 
tall. The water was jetted out by mean- 
of compressed air and steam. During a 
10,000,000 bbl of 
water were lifted from this mine and 
in one month 10,000,000 bbl were dis 


-ix-month — period 


posed ot 
First Oil Well Gas Lift 


The first application of gas-lift in the 
petroleum industry occurred in a well 
in’ Pennsylvania in 1864. This well 
caused a sensation because it had failed 
to produce on the beam pump. Failure 
was possibly caused by gas locking. On 
gas-lift. the well produced between 50 
and 60 BD of fluid. Several articles 
were written on this amazing new way 
of lifting oil with gas and one author 
went so far as to say that this method 
of producing would replace the con 
ventional beam pump. Several months 
later. gas-lift was tried on other nearby 
wells with only fair results. and even 
tually the entire field was on the beam. 

In 1902-1905. compressed air was 
used at Goose Creek. Hull, Humble 
Orange. West 
fields in the 
natural flow ceased or fluid volume- 
were not considered sufficient. In 1909 


Columbia and other 
Texas Gulf Coast where 


eas-lift was introduced in California at 
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Reported by R. H. Burke 


Pacific Junior Group 





EICHER, JR. 


HARRY \ 


the Kern River Field During the twi 
light stage of the wells this method 
of production proved quite satisfactory 
however, it eventually had to be re 
placed by the bear pump 

In the early days of air-lift. com 
pressors were almost always driven by 
steam furnished from boilers fired with 
the produced oil. When the production 
declined and insufficient oil was pre 
air-lift) was 


duced to fire the boilers 


abandoned. In 1925. the Jones method 
of re-cycling gas was introduced in 
California. From this stemmed the 
change from compressed air to com 
pressed gas in large scale gas-lift proj 
ects. Late in 1926. gas-lift was tried 
in the Seminole Field in Oklahoma 
Here for the first time 


efhiciencies of 


studies were 
made on the gas-lift 
Tests were made on the effect of bot 
tom hole flowing pressure. size of educ 
tor pipe and the ¢ flect of back pres 
sure caused Dy high trap pressure, size 
of flow lines, right angle 


About 


the same time. gas lift was introduced 


and lengths 
bends. and other relative data 


in California at the Long Beach. Rose 
erans, Huntington Beach and Santa Fe 
Fields The ecess of gas-lift) in the 
early davs of these fields and in the 
Seminole Field led to the introduction 
of gas-lift to We 
foreign countrie such as Peru. Ro 


d Venezuela 


Texas and to various 


mania, Trit 
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Modern Application of Gas Lift 


All 


was that of the continuous flow type 


gas-lift mentioned up to this time 
generally classified as U-tubing. It wa- 
iccomplished by injecting gas inte the 
tubing and preducing through casing 
innulus. injecting gas through the cas 
ng and preducing through the tubin 


wv injecting gas through a small paral 





lel string of tubing and producing 
through the regular tubing. These meth 
ods were a far ery from modern gas 
lift. but quite 
wells 


successful in) certain 


Intermitting Developed 
The decline in bottom hole pressure 
Seminole and Santa Fe field- 


introduced a new phase in gas-lifting 


that of intermitting the gas into the 
well at the surface. In wells where the 
fluid volume was not great enough to 
justify continuous flow. this method 
saved large quantities of gas and in 


many instances increased the fluid pre 


duction 


In 1930, conservation laws in several 
states establishing well allowable 
paved the way for the use of jet col 
lars, perforated tubing and differential 
flow valves, commonly called kick-off 
valves. Differential valves and jet col 
lars had been put to limited use in 
1926 in the Corpus Christi area and in 
the later phases of lifting in the Semi 
nole and Santa Fe Fields. However, the 
Oklahoma City Field) was the first 
where valves were used to any great 
extent. Wells in this field were placed 
on a monthly prorated allowable. The 
wells flowed naturally and in most case- 
the production for the month was made 
in several days and the wells were shut 
in the 
nermal decline in the bottom hole pres 


remainder of the month. The 


sure and the encroachment of waste 
soon changed this pieture and many of 
the wells needed aid before they started 
to flow again. To help the well unload 
its dead fluid, several differential valves 
were placed in the tubing string. When 


the well was shut in, formation gas 


sccumulated in the casing annulus sup 
plying enough energy to resume flow 
if the fluid heads were not too great 
By placing the valves at certain inter 
vals. this casing gas was allowed to en 


ter the tubing. thus unloading the heavy 
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nd and puttir he well i tlowing luced with water usually become ¢ nd one-halt-inch tubing. a 
state. In time, gas had to be injected sified. The addition of gas to this « f 400 bbl. and with three-ineh 
to Keep the wells produc ing. and as the -ion stirs this fluid to a ver ~ bing i minimum of 600 bbl 
ottom hole pressure continued te de substance closely resembling | (-enerall speaking. quantities under 
line and fluid production fell off. the ream and continueus gas-lift: w e minimum figures should be pr 
wells were placed on surtace controlled hift at To overcome this proble ed ntermittent low. There is. of 
termitting gas-lift Several tv pe- t ntermitting flow instaltlat ‘ . overlan between the mir 
bsurface controlled intermitting ga- ended ' guantit inder continuous flow 
ft valves were used during this peris |. par fhn a problen ( t thet Yimum quantity under inte 
The Nixon surface controlled wire ‘ stallations would seldo , ad ic ‘Wines mids ecbditiand on 
lve was introduced here anal | thie ended unless large volumes ilvsi« of loeal conditions 
Acme macart sve was. #ut t hich wmlel be weoduced at Meh 1 cinissine i <iliadlniaiiaian abiadcttlles sab 
ted use. The Hughes plunger wa- t ng temperature would be tte the oice of operation selected 
- of these wells wit . ll wells making parathr rte 
ot of success. Even so. 2 iit Sect tiane with be oJ Maximum Fluid Production 
es the yvas-lift was not eq Generally speaking. wells ‘ m possible uid pro 
success of the beam pumy ‘ t sand are brought in by cont . determined by the abilit 
{the 1 p became wh g ' he well is a small produ to pre e or the capacity of the 
: tinueus flow - t ‘ t Wl produc thre 
Growth During World War I! 
id commence ntermitting ! t maximum of 1.200 
With Werld War IL demanding e sand content fell below "a (V RD micht he expected 
ore OF gas-l , | ent. If the fluid is mo- t me-half-ineh tul 
re and ore popular Als es ch as eight to ten pe ent = XH { "HOO to ,0O00 bhi 
i 
‘ mporta eel was user re e intermitted without the y 1 he pre ced and through three 
ftine tha ’ other form « etea’ am Che tabine ~ 4700 bbl. The estimated 
poem verte _— mpeg r We are also concerned wit m production figures above 
! i! ct re - we 1 > te 1 t 
inuta WOKE Uj ' h fluid is desired. First the ope ed on dead ft operations. Where 
inles the could carry we 
ill have to Know how much the - -iderable reservoir enet 
lepletion on gas-lift t would ot be 1 , 
pable of making. how far it ts ne e possible maximum productic 
tistactor method of artiheial 
ra) -ary to litt and whether there w be gre 
ld be eventually replaced by | : 
: -utherent energy to move this \ operating lep 
Valve manutacturers concentrate | | ! i ae} 
thiid he tvpe of lif ‘ i 
ku valves that would = withs i I flow is a f 
ecided. whethe ‘ ! < 
t everest well conditions and ~t ible perating pressure ind 
tting flow will give t 
Dvr ne the on bellows mat efhierent flev ing gradient that 
‘ cal results. The s F y 
1 developed a very sturdy -eamle-- be established and maintained 
« important. ter on intermitting f 
low Th n tem along w ormally a large supply of gas ¢ hie ‘ " In order 0 rele 
evelopment vy new m recy he available for a short interv his depth limitation. it is ne 
tur sten ¢ trie nas =o ad th pre 
gsten irtice a olive t I we ak i se-life - oy . that the principle of the method 
of furnishing a durable powe , : - 
now developing ar ntermitting nderstood 
for all recognized valves. Extensive I 
that may use the wells casing . \<sume a vertical column of fluid 
dies have beet made te determine 
tor the storage chamber eeded OOO ft high with an average gradient 
shere ame when gas-lilt) equipme 
, ntermitting f 44 psi per foot of height. The col 
-hould be used ld 5 4.000 | 
H n wou xert a pressure o H Vv 
Several important questions should Use of Continuous Flow ‘ a = 
14 or 1.760 psi at its base. If sufficient 
be asked prior even to considering the The total amount of fluid to be | 
vas were injected and the column 
ise of the gas lift. The gas-lift engines duced daily bv constant flow : 
erated to a point where the average 


should then be able to recommend the major efheiency factor, therefore. the , 
| , 1 “1 ; gradient was .20 psi per foot of height 
type gas-lift that should be most ay eperation is limited to wells with ce ld be 4.000 
tats distinct cheracteristice Wells the pressure at the base would be 4. 


plic able. He can also tell whether cor . P 
fl ti should have a high fluid level and hig hy .20 or 800 psi. If the average gradi 
tinueus w oor inttermittent flow tv pe 

‘é h ' ld | , | ; productivity from a limited depth u ent were .10 per foot of height, the 
valves should be run and at what pres order to operate most efficiently wit! sressure at the base would be 4,000 by 

Ives should | ; 
sure these valves shoulc re set this method 10 or 400 psi. 

Let us consider the gravity of the oi dt is very difficult to establish a mir If an attempt were made to inject 
Generally speaking. gas-lift should not mum fluid production figure because of vas at the base point in either of the 
he attempted in crudes with API gray the many factors involved. Depth of ibove examples. a pressure in excess of 

s . "0 tie ‘ lis o ’ ‘le press fluid vis : 
ties below 2 An exception to th peration. available pressure. fluid + the fluid column base pressure would 
would be when the water percentage i+ ositv. and size of eductor tube are all 

as 1 Und be required. 
above 6o per nt an arge volumes of eof major mpertan nder é rage 

; wedi ey -teaaasitigag ig Misia we es The maximum operating depth of 
fluid must be lifted. Another exception egnditions, however, it is possible t ? 

F this type flow under the existing surface 
to this general rule is where the well i- establish a broad rule by which wells 
conditions may be expressed in formula 
producing pipé line oil, and water per might be classified as being in the cor 
; »_p 
centage will never be higher than 10 te tinuous fiow category. With two-in. tub ne D liane 
= follows: 
15 per cent. The reason for this ca ing. a minimum ef 250 BD total fluid G 
tion is that low gravity crudes pre might be efheiently produced. With Continued on Page 2, Section 2 
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The Carthage Gas Field 


au of Mines 
presented a pa 
Gas Field at a 
Mid-Continent 


treleum ¢ 


meeting 

n ] ~ 

i=Ky oof tl Magnolia Petroleum 
Dallas lex presented tits pape 
“Mobility Ratic Its Influence 
Patterns During Water FE 

This paper is published 

et this 


ons section of 


preceded the formal pres 
tation of the material in his paper t 

ussion of thre rrent concept. «af 

oil displacement by 

ite He also discussed 


of construction and opera- 


potentiometric model- and 
forms with 


the conventional 


-pecialized torm re quir 


Harris talk wa- -ummary of the 
Bureau's Re 


198 


aterial contained in the 
port of Investigations No pub 


lished in August ef 1950. Harris began 


by giving a briet deseription of the 


held = physical characteristics The 
Field in Panola County. Tex 
fourth largest ga+ reserve in the 

States. The field is 
and 20 
wide. It had 306 producing wells as ot 
July 1. 1948. 
reservoirs are the Hill. the Upper Pet- 
Lower Pettit of the Rodessa 


Carthage 
= the 
United 

» 


mately 25 


appronrt- 


miles long mile- 


The three principal gas 


tit and the 


and Sligo formations. 


The estimated gas reserves of all 
three zones amount te about 7.5 trillion 
cu ft. These reserve estimates are based 
Harris 
pointed out that many portions of these 


on volumetric considerations. 
reservoirs have such low permeability 
that the pressures build up very slowly 
and reservoir pressures since discovery 
are of questionable accuracy. There- 


fore. any reserve calculations based 
on a reservoir performance are also of 
questionable accuracy. It was for that 
reason that the reserve figures were 
based entirely on volumetric considera- 
tions. 


Natural gas from the Carthage Field 


January, 1952 


Reported by W. B. Davis 
Mid-C 


ntinent Section 
comparatt 
rbons and 


porder-line 


ately 
r million 


the study 


as about one billion cu ft 


and five natural gase 
{ one eyeling plant were 
1 total processing ca 


MMef D 


natural gasoline ca 


ibeut 350 Since 
ey. both 
d pipeline outlet capacity have 
cman ~*~ *& 


Corrosion Mitigation in a Colorado Field 
Reported by R. D. Ferguson 


W yc 


At the De 
thre Wromir { 


(rezentanne! 
gineer for 
| 


~ poke oy 


Wells © 
la Keon 


pre ented 
Tire field 
mie. Wo 


8.200 tt. ane 


GEORGE DICKINSON of the Tech- 
nical Services Group of Shell Oil Co., 
Houston, spoke before the Southwest 
Texas Section in Corpus Christi last 
month on “Geological Aspects of Ab- 
normal Reservoir Pressures in the 
Gulf Coast Region of Louisiana.” The 
speaker related the occurrence of ab- 
normal pressure to geological factors, 
and discussed methods of successful 
drilling througk such pressures. 
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ming 


Chapter 


193 per cent by weight CO 
was found in the tubing and 
was hot 


ul thre casing 


where gas Was produced 
only, Surface tempera 
id BHT 160°F The 
m ovaries from .35 mils 
24 mils at the 
Most of the corrosion is 
2.500 ft. in’ the 
e lite of a 


months. and casing string two 


bottom of 


tubing 
string of tubing 


ne-hall vears 


1947 


inhibiters 


test- 


were 


February inhibitor 
-tarted. The 
naphthalate. 
droxide and Kentol 

failed. but Kontol 115 


lubricated liquid or in sticks. has been 


used 
ammonia hy- 
The first 
and 118. as a 


nuane-¢ 


two 


successful inhibitor. 


Giezentanner believes the iron radical 
from water analysis is an index of cor 
osion, but that the mild steel coupon 
inserted in a nipple at the well head 
better 


corrosion, 


measurement ot 
In one tubing 
-tring the 44 mils 
per vear before injecting two gals per 
day of Kontol through a lubricator, The 
corrosion was then reduced to 1.4 mils 


connection is a 
the rate of 
corrosion was about 


per year. and now to .15 mils per year. 


Examples of caliper surveys on tub- 
Plastic coated tubing 
also some wells 
In the Webster well. because of a 

stick. Kontol was dropped at 
sticks per week. which 
reduced from 240 
vear to 7 mils per year to .35 mils per 
vear at present. For the field. Kontol 
costs about $17.00 per well per month, 
$10.00 per 

" @ F 


ing were shown. 


wus used in success- 
fully 

packer 
the rate of 1] 


corrosion mils per 


and plastic tubing about 


well per month. 


Secret... 














PETROLEUM BRANCH PROGRAM 


Headquarters, Statler Hotel 


February 18-21. 1952 


LYON F. TERRY 
Meeting General Chairman for the Petroleum 


Branch 


SATURDAY, FEBRUARY 16 


Meeting of Section Delegates, all AIME Local 
Sections 


SUNDAY. FEBRUARY 17 
Meeting of the AIME Board of Directors 


“i 
WM | 


MONDAY, FEBRUARY 18 


MORNING 
Registration 


Petroleum Session 


Wo as 


10:30 an ll 

‘Natural Gas in the Provinee of Alberta, Canada.” by J. F. 

Dougherty, Empire Trust Co.. New York, N. ¥.: Anthony 

Folger, DeGolyer and MacNaughton, Dallas, Tex.; How- 

ard Lowe. Dethi Oil Corp.. Dallas. Tex.: and Joffre 
Mever, DeGolyer and MacNaughton, Dallas, Tex. 
Presentation and Discussior 10-30 a.m 11:30 a.m 


Exploration activities over the past three 


Alberta 


irea in the forefront of active discoveries of 


vears in Canada. have placed this 
mportant natural gas reserves. Substantial nat 
iral gas reserves have been established with 
many favorable areas vet to be drilled. Active 
future exploration undoubtedly will add con 
siderable reserves. A discussion of the general 
veology of the province. of individual major 
fields 


liverability of gas and the history of utilization 


Alberta will be 


the possibilities of future reserves, de 


of gas in presented 


AIME Welcoming Luncheon — All Institute 
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nd Gentlen 
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“The Strataflow Process: A Recent Development in Locating 
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leum Industry.” by Stuart E. Buckley, Humble Oil and 


Refining Co... Houston. Tex. 


Pres t Dis ssior lS oper 4:05 pn 
Production of crude oil in the United State 
ised more than thirtvfold since 1900 
It is increased‘ tenfold since 1909. and ha- 
1935. Over a span of years thi 
g ppears to be phenomenal. However, it 
lted from any sudden spurt. but 
i modest but steady rate of in 
ease. From 1861 to 189] the rate of growth 
| per cent a vear: from 1904 to 1929 
ged JO per cent a vear: and since 1933 
ed 5 per cent a yea The tre 


results from the faet that 


ndoeus mcrease 
entage increases are compounded. Thi- 

iper discusses some of the implications of 

ded rate of growth and some of the 


ts that have supported it. The 


ynifieance of these factors with respect to 
mit ed ample supply is also pointed out 
Panel Discussion on Petroleum Engineering Education 
by Members of Petroleum Branch Education Committee 
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bell and Robert N. Maddox, Black, Sivalls and Bryson. 
Ine.. Oklahoma City, Okla. 
Pres tat i Dis ssior 8:45 an 


liquids recoverable 


9-40 an 
vdrecarben 
vas have become of increasing 
mpoertance with the increased de 
blending steck and LPG products 


nd has encouraged the development 


«sing methods in the field in order 


present recoveries. These new fel 


1952 


January 





recovery methods. although not as efhcient 
a large gasoline plant, give comparable res 
Hlowever, in many situations the net econo: 
returns are greater due to a much lower init 


ind operating expense. A typical gas analys 
Is economically 


the d 


for those cases where recovery 
feasible has been used as a basis for 
cussion of light hydrocarbon liquid handli 
have bere 


following systems 


Single 


problems. The 
investigated: 1, and multi-stage sepa 


ration: Low separation wit 


weathering in the stock tank: 


temperature 
>. Low tempet 
The effect o 


recovery 


ture separation with stabilization 


temperature and pressure on 


been deve loped. 


“Capital Formation in the Petroleum Industry.” by Fred 
erick G. Coqueron and Joseph EF. Pogue, The Chas« 
National Bank. New York, ‘ 


Presentation and Discussion: 9:40 a.m.- 10:40 an 


kor the 
ment of Chase National Bank has conducted 
study of financial aspects of the American pe 
| 


combine 


past decade. the Petroleum Depart 


troleum industry as exemplified by 


operations of 30 representative oil companies 


The American petroleum industry is) one 
the largest in our national economy, utilizing 


$33 billion of assets and handling 


gross 
business amounting to $1 


vearly volume of 


billion, Funds required for financing its cap 
obtained 


tal requirements are from two 


mary seurces: internal, from retained 


earnings; and external, from capital market- 


“The Part of the Petroleum Engineer in the Oil Industr» 
Information Program.” by Robert E. Featherston 
American Petroleum Institute, Tulsa, Okla. 


11:20 an 


Presentation and Discussion: 10:40 a.m 


This paper 
oil men who believe that the responsibilit 


the thinking of 1 


discusses 
the conduct and execution of the oil indust 
information programs lies entirely with petre 
leum marketers and company public relativ 
men. It also shows that the petroleum engines 
has equally as much at stake in the future 
his industry. It points out that he is eNXpe 
to explain and defend it, and to win for 


public approval and support necessary 


off increased government regulation 
iro} 
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METHOD FOR DETERMINING WETTABILITY OF 
RESERVOIR ROCKS 


R. L. SLOBOD, MEMBER AIME, AND H. A. BLUM, JUNIOR MEMBER AIME, THE ATLANTIC REFINING CO., 


DALLAS, TEX. 


ABSTRACT 


\ semiquantitative method for measuring the wettability of 
reservoir rocks has been developed. These data are needed for 
reservoir analysis and for interpretation of laboratory displace 
ment studies. The wettability of a core sample is measured 
by the contact angle for the system oil-water-solid. These con 
tact 
(threshold pressure) obtained by use of the centrifuge. using 


angles are calculated from the displacement pressure 
first oil-water and second air-oil in the same core sample. Thi 
method is based on the assumption that the air-oil and oil 
water interfaces occupy similar positions in the porous medium 
initiated. The 
assumption is also made that the contact angle for the air 


when desaturation of the wetting phase is 
vil-solid system which is close to zero in value does not change 
appreciably even when the contact angle for the oil-water 
solid system experiences marked changes. “Apparent contact 
to 82 


been determined. and changes in the “apparent contact angle 


angles” for five different solids ranging from 31 have 


of a given sample with laboratory use from 33° to 53° hay 


been observed. 


INTRODUCTION 


rocks their 
preferentially water wet while other are apparently prefer 
entially oil The wettability. in 


measured quantitatively by the contact angle for the system 


Reservoir vary in wettability. some being 


wet. degree ot theory Is 


solid-oil-water. but in practice this quantity is extremely diff 
cult to determine. The need for obtaining some measure of 
this quantity has become obvious in recent years as a re-ul 
of both 
such as the Bradford Sand in Pennsylvania and the Wilcox 
at Oklahoma City are reported to be oil wet. [If these repor 

correctly reflect the true nature of the surface of the reck in 


laboratory and field observations. Several reservoir 


References given at end of 

Manuscript received in 1e offic f the Petroleum 
Aus. 9, 1951. Paper presented Fall Meeting of 
Branch in Oklahoma City, Okla., Oct. 3-5, 1951 
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the ground. then these reservoirs probably will not perform 
as predicted on the basis of a water wet rock. In the labora- 
tory to be oil wet. 


while perhaps not correctly representing the 


many core samples have been observed 
These samples, 
reservoir, have markedly different properties from water wet 
rock 


with rock instead of water). 


The location of the phases is different (oil is in contact 
and other quantities such as the 
connate water, the capillary pressure curve, residual oil, rela- 
and the recovery of oil by water flooding 
affected by the angle. A 
further complication observed in the laboratory is the chang- 
rock Such 


runs on the same core are not the 


tive permeabilities. 


are markedly value of the contact 


ing of the wettability of a specimen with use. 
changes mean that repeat 
duplicate tests desired, but represent new experiments on a 
more oil wet material. The changes in surface characteristics 
are sometimes so rapid that by the time an experiment requir- 
ing several days is completed, the results may not be repre- 
sentative of the core as originally described. 


The rock itself 


clean and uncontaminated, is 


material (silica. carbonates. ete.). when 


water wet. There seems to be 
little evidence of the presence of oil wet minerals such as 
sulfides. The oil 


is believed to be 


heavy metal wetness of reservoir samples, 


therefore caused by the accumulation of an 
adsorbed film in which the polar group of a large organic 
molecule is adsorbed on the surface leaving the organic or 
hydrocarbon part of the molecule projecting out from the 
solid. Such a 
by water 

These 


will provide 


surface is much more readily wet by oil than 


consid 


erations indicate the need for a method which 


some measure of the wettability (contact angle 


if possible) for reservoir rock samples. The method should be 
capable of (1) distinguishing between the wettability of dif- 


ferent formations. (2) detecting changes in wettability of a 


core with use. and (3) measuring the changes in wettability 
which may be accomplished with cleaning operations, such as 
the use of sodium silicate for increasing water wettability.” A 
preliminary report on such a method is presented below, not 
with the idea that this procedure alone will solve the wettabil- 


ity problem, but rather that it may provide encouragement to 
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others to initiate critical studies on means for determining 


wettability and for evaluating its importance in reservoir 


performance. 


DESCRIPTION OF METHOD 


The wettability of a rock specimen is determined by carry- 
ing out two displacement experiments, the first being the dis- 
placement of water by oil, the second the displacement of oil 
by air. The threshold 
mined from the-e displacement experiments together with the 
values may then be 


W. defined by the 


(initial desaturation) pressures deter- 


surface tension and interfacial tension 


used to calculate a “wettability number,” 


relationship 


cos 4 ' gee ry 
iN ae oe ee! 


cos @ P 


which is derived in the following section 


1 Y 
An “apparent con- 
tact angle” the cosine of which is defined by the relation 


> a 


: > 
cos (%, .~) apparent ° « (2) 
, 


may also be calculated if the assumption is made that the con- 
tact angle is zero in the oil for the air-oil-solid system. This 
ealeulation vields the receding contact angle measured in the 


water phase 


THEORETICAL BASIS OF METHOD 


In reservoir problems the question of wettability arises when 
both water and oil are present to compete for a place on the 
solid surface. The contact angle at each spot in the system 
where the three phases are present defines the wettability at 
that spot. The wettability of the reservoir rock may be defined 
as some average of these contact angles. A solid is considered 
to be preferentially water wet if the contact angle measured 
in the water for the oil-water-solid system lies between 0° and 
90°. Similarly 
for contact angles (also measured in the water phase) between 
90° and 180 


90° are called water wet, it is important to note that consider 


-olids are designated as preferentially oil wet 
While systems with contact angles less than 
able variation in core properties due to wettability may be 
The method of measuring wettability 


with the differentiation 
Measuring 


observed in this range. 





discussed herein is largely concerned 


exhibiting contact angles in this interval 
all of these 


practic al 


of cores 


individual contact angles does not appear io b 


It is possible. however, to caleulate a “wettability number” 


and an “apparent contact angle” of the water phase from 


tension, and oil-water 


that the relation 


displacement: pressures, air-oil surface 
interfacial tension data if it is assumed (1) 
ship between the displacement pressure of the wetting phase 
and the contact angle for a cylindrical capillary, 


Ss 
2Yo-w COS F 


ro“ 3 nt Sd Se Lk eee 


r 


ean be applied to a complex porous system where r is the 


radius of the capillary, (2) that in a core the same effective 
is applicable in both the air-oil-solid and the oil 
water-solid threshold 


vents the condition of initial displacement of the respective 


radius, 7 
systems at the pressure which repre 
wetting phases, and (3) that the apparent contact angle for 
the air-oil-solid system is close to zero and remains essen 
tially constant with changes in the contact angle for the oil 
water-solid system. 

The above discussion may be stated in terms of the follow- 


ing equations. For the air-oil-solid system the initial displace- 
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threshold 


r,. and the contact angle. 4 


is related to the radius, 
by Equation (4) 


ment pressure pressure! 


27 cos 6, 
P (4) 
r 

<olid system the initial or thres- 


Similiarly. in the oil-water 


held pressure Is given by 
Blea C08 t..« 


4 ee a a a 


on the basis of the 


these 


assumption that the water and the oil in 


two cases are similarly located or that r, may be used in 


beth equations. Dividing Equation (4) by Equation (5) elim- 


inates r, and gives the ratio 
P ¥ cos @ 
(6) 
P 1 cos 


Solving this equation for the ratio of the cosines of the con- 


tact angles vields an expression. Equation (7). which is given 
“wettability number.” W, 
COS 6, Ve Pesce I 


It : ‘ge, 


COs Vow P 


I 
Phis expression may be further simplified by the assumption 


the name 


that cos @,, is unity. The angle which can be calculated from 


¢ 


this assumption, Equation (8). has been named the “apparent 


contact angle” 


a ee 
cos (9, ~) apparent = ~ i. 

¥ , P 
Thus. two semi-quantitative terms are available to measure 
the wettability. The first of these is the “wettability number.” 
W. which is calculable using one assumption which makes 


nossible the elimination of 7,: the second is the “apparent con- 


tact angle which is obtained from the wettability number as 


assuming a zero contact angle for the air-oil svstem. Since 


neither of these assumptions is strictly correct. the quantities 
“Hh” and 


semi-quantitative 


“apparent contact angle” are considered to be only 
Future work should establish the 


and limitations of this method 


validity 


APPARATUS AND PROCEDURE 

The wettability number q. 
he readily calculated bv the 
pressure for alr 


These 


defined by Equation (7). may 
threshold 


ind for oil displacing water 


determination of the 


| splac ing oil 





at which the displ ice- 


threshold pressures (pressures 
ment of the wetting phase is initiated) have been determined 
rather conveniently by the use of the centrifuge’ using the 
first portion of the capillary pressure curve to obtain these 


values accurately. Surface tension and interfacial tensions are 


measured with the conventional DuNuov Tensiometer 


The procedure used in handling of the rock sample is very 


simple. A core plug cut from the reservoir in’ question ts 


extracted by any of the conventional schemes which may in- 


elude the use of carbon tetrachloride. chloroform. acetone. 


measurements may also be made 


The 


pentane, et (If desired. the 


on the core plug prior to extraction.) extracted (or 


unextracted) core is saturated with water or brine. and the 
threshold pressure for oil displacing water then determined 
using the centrifuge or any other convenient method. The 
same core plug is then cleaned. saturated with oil. and using 
air as the displacing phase the threshold pressure is then 
determined for this system The interfacial tension for the 
oil-water system and the surface tension for the air-oil system 


are alse 


measured. With these four measured quantities the 


wettability number. # may be calculated by use of Equa- 
tion (7) 


The silicate 


ber (making core more water 


for increasing the wettability num- 
involves refluxing 
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the core in an aqueous solution containig five g per liter of 
-odium silicate (Na. SiO,*9H.O). 

The observation of higher displacement pressures on cores 
flushed with water after the above treatment indicates im 
proved water wettability. 


RESULTS 


“Wettability numbers” and “apparent contact angles” for 
a number of cores from five different sources measured by the 
method described above are shown in Table I. These data 
show that a wide range in these values is possible. The most 
water wet material in this series according to these measure 
ments is a Devonian Limestone sample with an apparent con 
tact angle of about 31° and a wettability number of 085 
The substance most nearly oil wet in this ser‘es is a Clearfork 
Limestone with an apparent contact angle of about 82° and 
a wettability number of 0.138. All cores included in this 
table had been extracted with chloroform prior to measurement 
of the wettability except for the Alundum samples which were 
fired at 1.400°F prior to testing. Also included in this table are 
the experimental numbers (threshold pressure surface ten 
sion. and interfacial tension) used to calculate the wettability 
number (Equation 7) and the apparent contact angle (Equa 
tion 8). 

Changes in the wettability of a core with use in the lab 
oratory is very clearly shown by the data in Table Il. The 
Devonian Limestone cores when originally measured in the 


laboratory exhibited an “apparent contact angle” of 33° which 


increased to about 52° when the core containing connate 
water and tri-isobutvlene as the oil phase was allowed to stand 
in this oil phase for three weeks. Treatment of these cores 
with silicate. however. largely restored the core to its original 
condition since the “apparent contact angle” was decreased 
by this treatment to about 35° which is essentially equal to 
the original value. Similarly. the wettability of Alundum cores 
was also observed to change with use. It is interesting to note 
however. that even after firing at 1.400°F. the four Alundum 
cores had appreciably different “apparent contact angles 

ranging from about 50° to 70°. These data indicate that Alun 
dum even from the same batch is not a very reproducible 
material with respect to wettabilitv. After standing in oil 
however. this material is remarkably reproducible showing a 
range in “apparent contact angle” of only 0.6 the actual 
values Iving between 76.2° and 76.8 


Comparison of Wettability Among Core 
Samples of Different Origins* 


Table I 


Initial Desaturation 
Pr 


essure 








Core (Threshold Pressure A rer 
No Description psi) Wettability ( tact 
air-oil oil-water Number ** Ar 
Devoniar 6.5 6.1 O.N4 
Limest € 6.8 ' Os] ' 
& eo O85 
6.4 3.9 0.54 
Vote O86 0.32 0.38 
Sandstor 0.85 0.3 031 
OSS 0.31 0.32 
an 04 0.36 ¢ 
Alundum 0.76 0.25 0 
(RA 1139) 0.7 0.28 0.26 P 
0.68 O4 0.52 
Svnthketic O47 0.28 0.37 «2 
Clearfork 0.72 0.24 0.30 
o.n4 0.32 0.52 
Limestone 1.58 0.32 6.18 « 
290 0.45 0.14 
Fensleep Sand 0.86 0.21 0.22 
O86 0.21 0.22 
0.68 0.12 0.16 
O.86 0.27 0.28 4 





*Routine Extraction with Chloroform Preceded Wettability Tests Except 
Alundum Which Had Been Regenerated at 1400°F for Three H 
**Air-Oil Surface Tension 24.9 Dynes/cm. Oil-Water Interfacial Ter 

sion 28.0. 
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Table tI Changes in Wettability of Cores with Use 


in Laboratory 








Apparent 

Core Core Treatment Prior to Wettability Contact 
Descriptior Wettability Measurement Number Angle 

BTI Devoniar Routine Extraction 0.84 33 
BTN wit Chloroform 0.81 $6 
BTO Limest O.85 31 
BTP 0.54 7 
BTI Devoniar Cores, at Conna Water, 0.60 53 
BTN were Stored in Oil for 0.61 52 
PTO Limestone Three Weeks 
BTP 0.60 3 
BTI DD niar Core tefluxed with 144% 0.79 x7 
BTN Sodium Silicate 0.76 41 
BTO Limestone Na SiO_+9H,O) for 24 0.89 2s 
BTI H Followed by Brine 0.80 


Extraction 





1 Alundur Renegerated at 1400°F 72 
4 RAI1139) 69 
44 59 
1 68 
42 lundum Al e Core Re-treated mt) 
4 RAI ‘ by Reveneration at 71 
44 1400°F 67 
4 70 
1542 Alundum Saturated with and Stored 77 
1543 (RA1139 in Oil for 12 Hours Then 77 
44 Dried 76 
45 76 


Table Il1— Comparison of Threshold Pressures for 
the Air-Oil-Devonian Limestone System Before and 
After a Series of Laboratory Treatments 


Threshold Pressures (psi) 





Core Number Before After % Change 
BTL 6 6.6 r 1.5 
BTN 6.8 6.7 1.5 
BTO 7.1 13.5 
BTP 6.6 3.2 

\ t A 6.7 


The uniformity in the wettability of the Alundum samples 
ifter exposure toe oil, coupled with similar behavior of the 
Devonian Limestone samples (see Table IL) suggests a pos- 
sible wettability equilibrium condition in the reservoir which 
is partially oil-wet. Obviously much more extensive studies 
under carefully controlled conditions must be completed 
before this possibility can be evaluated reliably. 

Results of tests of the basic assumption that the wettability 
of the air-oil-solid system does not change with core treatment 
are presented in Table IIL in which comparison of the air-oil 
dis plac ement pressures for Devonian I imestone plugs before 
and after a series of laboratory treatments is made. These 
data indicate a relatively minor change in the average value 
of the threshold pressure from 6.5 psi to 6.75 psi, most of this 
‘ hange arising troma large difference in one core. If the results 
from this core were not considered. the change in the average 
threshold pressure would have been merely from 6.57 psi to 
6.63 psi. Considering the precessing to which the cores were 
subjected (made partially oil wet by storage in oil, dried. 
saturated with water. oil driven. vacuum distilled, saturated 
and refluxed with sodium silicate solution, extracted with 
brine, oil driven. vacuum distilled, saturated with oil, and ait 
driven) these results offer some support for the assumption 
that the contact angle in the air-oil-solid system is relatively 
constant 

It is interesting to note that rough tests such as the behav- 
ior of oil and water droplets on the surface of the solid are in 
complete qualitative agreement with the more quantitative 
results obtained by the method described above. Thus. dry 
solids with small “apparent contact angles” readily imbibe 
water droplets as well as oil. while only oil is observed to 
be readily imbibed by solids which show a large “apparent 
contact angle.” It should be clearly understood, however. that 
these qualitative tests are unable to differentiate between 
solids which have appreciable differences in the “apparent 
contact angle” such as 33° vs 55°. It is in the differentiation 
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between such materials that the new method offers consider- 
able encouragement. With such precision not only can slight 
differences between similar cores be distingui-hed, but changes 
n a specific specimen can be followed. and the efficiency of 
methods for modifying the wettability can be measured. 


LIST OF NOMENCLATURE 
W = Wettability number 


system becomes more water wet 


increases toward unity as 


a. Contact angle in water for oil-water-solid system 
¢, Contact angle in oil for air-oil-solid system 
P . Thre-hold pressure for displacement of water by 


oil 
P . r= It resl old pressure for displace ement of oil by air 
¥ Surface tension (dynes em) for o l-air system 
Ve-« Interfacial tension (dynes em) for oil-water 
system 
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DISCUSSION 


By S. R. Faris, Member AIME, and J. W. Whalen, Magnolia 
Petroleum Co., Dallas, Tex 

The authors have presented a subject which is of great 
importance and interest to the industry and this paper should 
stimulate interest and further work on this subject. 

Wetting phenomena are intimately related to the surface 
of the porous medium and may be expected to vary from point 
to point on this surface because of the chemical nature of the 
surface and its physical reughness. Wettability characteristics 
of chemically homogeneous surfaces have been estimated from 


displacement pressure measurements by a number of investi 


gators.’ The nature of the surface forces existing in a reservoir 


rock material, however. should be described in terms of an 
average value resulting from consideration of the entire sur 
face. The authors. in utilizing the air-oil and oil-water dis- 


placement pressures to calculate a “wettability number.” are 


considering only the largest o 
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capillaries comprising the 
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porous medium. In addition the “apparent contact angle,” in 
terms of which the “wettability number” is defined. is con- 
sidered at only one point on the surface of these capillaries. 
Wettability characteristics based on an infinitesimal fraction 
of the surface exposed to flow clearly are not representative of 
he entire porous matrix 

The extension of this method to capillaries of smaller radii 
by use of the complete air-oil and oil-water capillary pressure 
urve at points of equivalent weiting-phase saturation, is 


everely limited | 


y the assumptien of equivalent capillary 
radii. It would be interesting. however, to compare the “appat 
ent contact angles” obtained in this manner to these obtaine | 
at the conditions of initial displacement pressure. 

The authors have mentioned the relationship of the “appar- 
ent contact angle” to the receding contact angle. Adam’ has 
pointed out that although wetting-phase displacement pres- 
sures should indicate receding contact angles and imbibition 
pressures advancing contact angle». variations shown by dif- 
ferent liquids on silica do not indicate that the relationship 
s a well defined one. The variat‘ons noted by Adam may be 
an additional reason for question ng the assumption of equiva- 
lent capillary radii. 

Although the authors indicate the semi-quantitative nature 
of the work described in the paper. and state that the chief 
utility of their method is to follow apparent changes in the 
wettability character of the solid surface. it should be empha- 
sized that the concept of wettability as defined by the “appar- 
ent contact angle” is a greatly over-simplified one and that the 
significance of contact angle as applied to reservoir material 
is poorly, if at all, understood 

The “apparent contact angle” measurements have been 
obtained for the system under static conditions and from this 
standpoint their significance may be largely artificial if used 
to define the wettability characteristics of the rock under 
dynamic conditions where knowledge of the interfacial char- 
acter (wetting phase advancing or receding) is necessary. 
In addition, Adam’ has shown that the geometry of the capil- 
lary greatly influences the nature of the interface advance and 
attendant displacement pressure. It is hoped that the interest 
created by the static “apparent contact angle” study of the 
authors will result in the extension of wettability studies to 
dynamic systems and in better understanding of the complex 


problems involved in such systems. 
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AUTHOR’S REPLY TO MESSRS. FARIS AND WHALEN 
The comments of S. R. Faris and J. W. Whalen may be 


looked on as a continuation of the discussion in the paper. 
We are in e-sential agreement with what is said and insofar 
as the suggested measurement of “apparent contact angles” as 
a function of saturation, several such determinations were 
made early in the study and more work is planned. Our intent 
in presenting this paper was to set forth the method and 
issumptions clearly and simply. For this reason discussion of 
complicating factors was deliberately left out of the paper. 
The above discussion supplies supplementary information 
which aids in relating the proposed method to other problems 


within the broad scope of the wettability problem. 
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RADIAL FILTRATION OF DRILLING MUD 


C. L. PROKOP, HUMBLE OIL AND REFINING CO., HOUSTON, TEX., MEMBER AIME 


ABSTRACT 


\ laboratory investigation has been made of the effects o 
mud hydraulics upon the formation and erosion of mud filter 
cakes. The tests were conducted to simulate drilling conditions 


as nearly as possible. 


The formation of mud filter cake in a drilling well does not 
proceed at a uniform and unbroken rate. Instead, the rate of 
cake accumulation depends upon whether or not the mud js 
being circulated. If the mud column is quiescent, filter cake 
formation is a smooth function of the filtration characteristics 
of the system. If the mud is being circulated filter cake for 
mation depends not only upon the filtration characteristics of 
the mud but also upon the erosive action of the flowing mu: 
column. 


Filter cakes during 
were observed to reach an equilibrium thickness after several 
hours’ circulation. Mud circulation was maintained at a con 
rate throughout each experiment. The fluid 


formed continuous mud circulation 


stant volumetric 
velocity at equilibrium cake thickness was dependent upon 
the thickness of the filter cake. Muds having exceptionally 
high water loss deposited thick filter cakes in spite of very 
high eroding velocities. The muds having good filtration chat 
acteristics deposited thin filter cakes at equilibrium circulating 
velocities well within the range of those used in a drilling well 


It was observed that filter cakes deposited during stagnant 
filtration were quite difficult to erode by mud circulation. The 
rate of erosion computed from the rate of filtrate accumu 
lation after equilibrium cake thickness had been reached was 
in reasonable agreement with the rate of erosion obtained by 
direct observation. Continuous mud circulation usually caused 
the permeability of the filter cake to decrease with time. 


INTRODUCTION 


Many of the difficulties encountered during the drilling 
of a well have been attributed to the loss of water from the 
mud and the attendant deposition of solids upon the walls 
of the hole. Past experience has shown that a reduction o 
the filtration rate of the drilling fluid eliminates or greatly 
reduces these difficulties. Definite filtration requirements, how 
ever. are hard to establish for a given set of conditions. This 
is due, in part, to the fact that the usual filtration test per 
formed upon mud does not simulate well conditions as closely 
as desirable. 

‘References given at end of paper 

Manuscript received in the office of the Petroleum Branch August 
1951. Paper presented at the Petroleum Branch Fall Meeting in Oklahoma 
City, Okla., 5, 1951 
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rhe filtration characteristics of a mud are customarily deter- 
mined by means of the standard low-pressure API wall-build- 
ing tester.’ In this instrument a filter cake is deposited upon a 
horizontal bed under a pressure differential of 100 psi. The 
mud is quiescent during the filtration period. In actual prac- 
tice. mud filtration occurs within a well under quite different 
One of the major differences is that mud flows 
upward across the filter bed as the filter cake forms. This 
undoubtedly produces a change in the filter cake which cannot 


API test. 


The laboratory work described in this paper had as its 
primary objective a better understanding of the influence of 
mud circulation upon the thickness and characteristics of the 
filter cakes deposited under conditions similar to those existing 


conditions 


he reflected in the results of the 


in a drilling well 


ANALYSIS OF PROBLEM 


Once a permeable formation is penetrated by the bit, fil- 
trate from the mud flows into the formation. The mud solids 
plaster against the walls of the hole, forming a filter cake. If 
the mud column is stagnant, that is, if it is not being circu- 
lated. the filter cake will increase in thickness until the hole 
is filled. Prior to the time that the hole is filled, the thickness 
of filter cake existing at any given time will be a function of 
the filtration characteristics of the mud, the temperature, and 
the pressure differential. The effects of these variables have 
been investigated in the past for both flat bed filtration®* and 
for radial filtration. 


When the mud is circulated in a hole in which a filter cake 
is being deposited, some of the solids that would ordinarily 
deposit in the filter cake will be carried away by the eroding 
action of the mud. This will limit filter cake thickness. Some 
work has been done co determine the effect of flow upon the 
filtration rate in a circulating mud system‘ but little work 
has been done the factors which determine the filter 
cake thickness existing in a circulating system. 


upon 


On first sight it would appear that the major factors con- 
trolling filter cake formation in a circulating system should be: 
1. The rate of deposition of solids from the mud. 
2. The erosive force that the flowing mud exerts upon the 
filter cake. i 
3. The erodability of the filter cake. 
1. Any change in filter cake characteristics attributable to 
the scouring action of the mud. 
The rate at which solids are deposited from the mud will be 
controlled to a large degree by the filtration characteristics of 
mud, the differential. the temperature under 


the pressure 
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FIG. 1 — DIAGRAM OF RADIAL FILTRATION APPARATUS 


which filtration is taking place, and the thickness of the filter 
cake already in place. 

rhe erosive action of the cire ulating fluid should be depend 
ent upon the circulation velocity, the fluid properties. and the 
type of flow existing in the fluid column, i... 


or Viscous 


whether turbulent 


It seems reasonable to expect some filter cakes to be mor 
ditheult to erede than others. Thus. although two muds may 
have identical filtration rates and filter cake thicknesses a 
determined by the API test. the filter cakes deposited from the 
two muds may not offer the same resistance to erosion 

Although the major factors controlling the thickne-- of a 
filter cake deposited during circulation should be those men 
tioned above. the further possibility exists that some classifi 
cation of the filter cake solids may take place while the 
cake is being formed. Solids having certain properties may 
be concentrated in the filter cake. Such an effect might be 
expected to alter the filter cakes sufficiently to affect their 
thickness somewhat. 

The experimental work described in the following sections 
was designed to investigate the effects of the foregoing factors 
on filter cake formation during mud flow. 


EXPERIMENTAL PROCEDURE 
Apparatus 


The laboratory apparatus was designed toe simulate as 
closely as possible the conditions under which filtration occur - 
in a well. A sketch of the equipment is shown in Fig. 1. The 
equipment consists essentially of a mud reservoir, a circulatin 
pump, and a radial filter cell. Provisions were made for con 
trol of the pressure differential acro-s the filter bed. the cir- 
cell eon 


sisted of either (1) a hollow sand evlinder. prepared by con- 


culating volume. and the mud temperature. The filter 
solidation of sereened sand with phenol-formaldehyde resin 
or (2) a hollow cylinder of permeable sintered brass. The 
details of the sand filter cell are shown in Fig. 2. The sand 
an outside diameter of 
The sintered brass filter cell 
filter bed. 
except that all it dimensions were roughly one-half those of 


column had an inside diameter of 2 in 
t in.. and was 24 in 
was similar to that using consolidate] sand as. a 


in length 


the sand. 
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Technique 


In most of the experiments the pressure differential across 
the filter cake was kept at 350 psi, and the temperature at 


about 110°F. It was felt that these conditions were fairly 
representative of conditions in a well. 

Iwo techniques of investigation were used. These were: 

1. Determination of equilibrium thickness of filter cake 


deposited during continuous mud flow. In the use of this 
technique mud was circulated through a by-pass until 
110°F. Mud was then 
allowed to flow through the filter cell at a predetermined 
volumetric and the by-pass was closed. The thick 
ness of filter cake deposited was measured from time to 
interrupt the run. 
open the filter cell and gauge the siz> of the hole open to 
The test was continued until the thickness of 
the filter cake ceased to increase. A record was kept at 


the temperature reac hed about 
rate 
time. To do this it was necessary to 
mud flow. 


the volume of filtrate which had accumulated at various 


elapsed times 
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2. Determination of the thickness of filter cake deposited 
under static conditions and then eroded by mud flow. In 
the use of this technique mud was allowed to filter 
through the filter cell without flowing axially through it 
Filtration was allowed to continue at a predetermined 
pressure and temperature until a very thick filter cake 
was deposited. Mud was then flowed through the cell at 
a constant volumetric rate until the filter cake eroded to 
a constant thickness. 


Some auxiliary measurements were made in order to deter 
mine the effects of viscosity and velocity upon filter cake ero 
sion. In general. these procedures were similar to those de 
scribed above. 


Muds Used 

The muds used in these tests were all prepared in the lab 
oratory. Properties and compositions of the muds are shown 
in Table I. The muds covered a range of viscosity from 2 to 
85 cp (Stormer at 600 RPM) and a filtration range of 7 to 
148 cu cm API. The table gives the filtration rates of the muds 
at both 100 psi and 350 psi. In the discussion to follow the 
results of the API test (100 psi) will be used as it is a stand 
ard test and offers no particular disadvantage to the interpreta 
tion of the data. 

RESULTS 
Effect of Filtration Rate Upon Equilibrium 
Thickness of Cake 

Experiments conducted by depositing a filter cake during 
continuous mud circulation showed that. in general, the higher 
the filtration rate of a mud, the thicker was the equilibrium 
filter cake and the higher was the eroding velocity necessary 
to stop further formation of filter cake. 

Typical results are illustrated in Table I. All of these data 
were obtained by use of the sand filter cylinder. As shown in 
Table I. a mud whose API filtration rate was 148 cu em in 
30 minutes caused a filter cake 21/32 in. thick to form before 
an equilibrium thickness was reached. The velocity required 
to prevent further formation of filter cake was 530 ft per min 
As the API filtration rate was decreased. the filter cake thick 
ness and the velocity required to stop further formation of 
filter cake decreased. so that ‘for a mud having a filter loss 
of 19 cu em in 30 minutes a circulating velocity of 125 ft 


Table | — Properties of Muds Used in Radial Filtration 
Experiments 


Filtration Rate, API Viscosity 
100 psi at 350 psi* Stormer 
cu cm in cuecm in (at 600 RPM) 

30 min 30) min ep Composition 
9} 3 Aquagel, lime, kembreak 
caustic, quebracho 
Zeogel, baroid, lime, ken 
break, caustic, quebrach« 
Zeogel, baroid, lime, ken 
break, caustic, quebrach« 
Baroco, lime, kembreak 
caustic, quebracho 
El Paso clay, caustic, que 
bracho 
El Paso clay, aquage!, cau 
tic, quebracho 
Baroco, baroid, caustic 
quebracho 
Baroco, lime, caustic, que 
bracho 
Zeogel, kaolin, salt, cau 
tice, quebracho 
Zeogel, kaolin, salt, cau 
tic, quebracho 
? b Baroco, kaolin, salt, sta 
w 7 g : faroco, kaolin, caustic 
carbonox, lime, diesel oi 


Test at 350 psi run on Baroid HP Tester and results corrected to filt 


area of LP-API Wall Building Tester 
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FIG. 3— FILTRATE ACCUMULATION DURING FORMATION OF EQUI- 
LIBRIUM FILTER CAKE 


per min permitted only a 1/32 in. cake to form. An 8 cu cm 
mud formed a cake 3/32 in. thick while exposed to a velocity 
of only 48 ft per min. The filtration curve for this particular 
run is shown in Fig. 3. This is a typical curve. The rate of 
accumulation of filtrate decreased although the filter cake 
thickness reached a constant value. For this reason the rate 
of accumulation of filtrate could not be used as an indication 
of filter cake thickness but actual measurements had to be 
made. 

The filtration rate of a mud had little or no effect on the 
cake thickness when cakes deposited under static conditions 
were subjected to several hours’ erosion by mud flow. All filter 
cakes deposited without circulation were extremely difficult to 
erode by mud flow, and the cake thicknesses determined by 
this technique were appreciably greater than the equilibrium 
thicknesses determined by allowing the cakes to build up 
under continuous mud flow. Table II] shows the thickness 
of each of several filter cakes that were formed in the absence 
of circulation and then subjected to erosion by mud flow. 

The data indicate that a water loss of about 20 cu em 
API would be sufficiently low to insure thin filter cakes in a 
drilling well so long as circulation is continuous. However. 
during the course of drilling a well mud circulation may be 
stopped for several reasons. ¢.g., to run casing. change bits. 
ete. Once circulation is stopped and a thick filter cake is 
formed in a hole, the cake will be extremely difficult to erode 
by circulation alone. Thus. as far as filter cake formation is 
concerned the lower limits of water loss requirements are 
probably set by the filter cake that will form when the mud 
is not being circulated rather than by the filter cake that will 
form during cireulation. 


Effect of Viscosity Upon Erosion Rate 
Mud viscosity appears to affect erosion only msofar as it 


controls the type of flow existing in the circulating fluid, ie.. 
whether it be turbulent or viscous. Experiments undertaken 
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FIG. 4— EFFECT OF CIRCULATION VELOCITY ON EROSION RATE (TUR 
BULENT FLOW 


to determine the effects of very high viscosities upon erosion 
rate failed to show any significant change in erosion rate 
except as mentioned. One experiment designed to determine 
the effect of viscosity upon erosion was conducted by observing 
the effects of mud circulation 
formed filter cake. To establish a basis for comparison, a low 
viscosity mud was circulated past the filter cake. The erosion 
that resulted was observed. This was followed by the same 
mud but treated to a very high viscosity. The erosion was 
again observed. Finally a very thin fluid which resembled the 
mud filtrate in chemical composition was circulated through 
the filter cylinder. The effect of mud viscosity upon the erosion 
of pre-formed filter cakes is presented in the upper part of 
Table IV. The thick, pre-formed filter cake was eroded by the 
low viscosity mud until the circulation velocity had dropped 
from 1,200 ft per min to 430 ft per min. Circulation of the 
very high viscosity mud caused no further change in cake 
thickness, and the circulation velocity remained at 430 ft per 
min. Circulation of the thin fluid produced some additional 
erosion, and the velocity dropped to about 200 ft per min 


upon the erosion of a pre 


during the run. 

In a second series of experiments a low viscosity mud was 
circulated in turbulent flow until equilibrium had 
reached in cake thickness and circulation velocity. The mud 
the addition of clay and the run 


been 


viscosity was increased by 
repeated. This time the mud was circulated in viscous flow 
The effects of mud viscosity upon the thickness of filter cakes 
deposited during mud flow are also presented in Table IV. Of 
the two muds, the mud of lower viscosity had the higher API 
filtration rate, but it deposited a thinner filter cake than did 
the mud of higher viscosity. This difference is further empha 
sized by the very high flow velocities which existed in the 
viscous mud at the end of the experiment. 

The tests described indicate that a fluid flowing in turb 
lent flow will be considerably more erosive than will a flu 
flowing in viscous flow. This might be expected from a co 
sideration of the difference in the two types of flow. Turbulent 


flow stream contain 


flow designates a condition where the 
many more or less violent eddies. The walls of the flow chan 


nel are scoured by currents at oblique angles to the direct’on 
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of flow. In contrast laminar flow denotes a flow 


condition where the individual fluid particles are all moving 
in the direction of flow. The walls of the flow channel are 
exposed to a constant shear stress but to much less scouring. 


viscous oF 


From the data it appears that changes in mud viscosity will 
not appreciably affect filter cake erosion rates as long as the 
changes do not cause a switch between turbulent and viscous 
flow. lt appears that erosion rates are higher and filter cakes 
are thinner when the filter cakes are exposed to turbulent flow 


than when they are exposed to viscous flow. 


Effect of Velocity Upon Erosion Rate 

Some pre-formed filter cakes were eroded by circulating a 
thin clear fluid past them. The eroding liquid was made to 
resemble the filtrate from the muds that were used to deposit 


the filter cakes. Observations were made of the effect of cir- 
culation velocity upon erosion rates. This technique allowed 
direct observation of filter cake erosion in the absence of 


filter cake deposition. The experiment was conducted at one 
circulation velocity until significant erosion had occurred. The 
extent of erosion was measured, and after deposition of a 
fresh filter cake the run was repeated at another velocity. A 
pressure differential of 13 psi was held across the filter cake 
during each erosion test. In all the tests the circulating fluid 
was flowing in turbulent flow. 

It was found that a fluid flowing in turbulent flow would 
filter cake at a 
the circulation velocity. These data are illustrated in Fig. 4. 
Probably the most significant fact illustrated by the data is 
the slowness with which filter cake erosion occurs. At normal 
was in the order of 


erode a rate proportional to the square of 


circulation velocities filter cake erosion 
1 20 in. per hour. 

\ further check was made upon filter cake erosion by an 
analysis of the equilibrium data obtained during continuous 
circulation and filter cake formation. To do this it was assumed 
that at filter cake equilibrium the rate of deposition of solids 
Was just equal to the rate of erosion of the filter cake. The 
measured rate of filtrate accumulation and the amount of filtet 
cake deposited per unit volume of filtrate were used to calcu- 
late the rate of deposition of solids. The volume of filter cake 
deposited per volume of filtrate was measured in an auxiliary 
experiment. The filter cake erosion was 
plotted against circulation velocity. These data are shown in 
Fig. 5 with circulation velocity. 
being approximately proportional to the square of the circula 
rates obtained 


calculated rate of 


The erosion rate increases 


tion velocity. It can be seen that the erosion 


from the calculations are reasonably close to erosion rates 
obtained by direct observation. The differences in the erosion 
rates obtained at any given velocity were probably due to dif 


ferences in erodability of the various filter cakes. 


Erodability 

Some muds deposit filter cakes that are harder to erode 
than others. Direct measurements were made of the erodability 
of pre-formed filter cakes which were exposed to a circulation 
300 ft per ulating fluid was flowing 


velocity of min. The cir 


Table TI Effect of Filtration Rate on Equilibrium 
Thickness of Filter Cake 
Cake Eroding During Deposition Turbulent Flow 
Cor dated sand filter cylinder. Pressure differential $50 psi 
Filtration Rate Filter Cake Equilibrium 
LP-API Thickness Velocity 
Mud Used cu em in 30 mit in ft/min 
Pa * 32 48 
R 6/32 72 
I 1/32* 125* 
G : 19/32 220 
1 4s 21/32 530 
*Circulation velocity increased by use of a mandrel 
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in turbulent flow and was similar in composition to the filtrat: 
from the muds which formed the cakes. A tenfold differenc: 
between the erosion rates was observed for the two muds 
tested. A caustic-quebracho-clay-barytes mud (API water loss 

8.0 cu cm) deposited a filter cake that would erode at 
3x10° in. per min, whereas a clay-fresh-water mud (API 
water loss—52 cu cm) deposited a filter cake that would 
erode at a rate of only 3x 10° in. per min. 

The erosion rates given above are quite low, but it should 
be noted that once an appreciable filter cake has formed from 
a mud having a moderate water loss. filter cake accumula 
tion proceeds at a very low rate. Take, for example, the 
formation of a filter cake from a mud having a water loss of 
10 cu em API. On the assumption that 0.4 cu cm of filter cake 
will be deposited for every 1.0 cu cm of filtrate 
through the cake, it was computed that by the time the filter 
cake has reached a thickness of 4/32 in., the rate of formation 
of filter cake will be of the order of 1.6x 10° in. 


passing 


per min 
Filter Cake Characteristics 

Several investigators’ have found that, below a certain criti- 
cal size, large particles are washed from the bottom of a 
stream or river with greater ease than are small ones. The 
critical size has been set near 0.5 mm. That is, for particles 
below this critical size, larger particles are moved along the 
bottom of a channel, while the small ones remain in place 
With the exception of cuttings, nearly all the material in a 
drilling mud is below the critical size. This 
possibility of a size classification within a filter cake. Several 
runs were made in the radial filter to check this possibility 
It appeared that size classification was the cause of a continual 
reduction in filter cake permeability during a circulation 
period, 


suggests the 


\ filter cake deposited in a quiescent filter cell showed 
lttle change in permeability during a long filtration period 
Filter cakes deposited during continuous circulation would 
gradually decrease in permeability as long as the experiment 
continued. This was evidenced by a continual decrease in fil 
tration rate after the filter cake had reached a constant thick 
ness. During one run. which continued for 3.7 days, the per 
meability of the filter cake dropped from 6.0x 10° md_ to 
2.0x 10° md. 


CONCLUSIONS 

1. As far as filter cake thickness is concerned, the lower limits 
of water loss requirements are probably set by the amount 
of filter cake that will form during the time the drilling 
mud is not being circulated rather than by the thickness 
of filter cake that will form during circulation. 

2. In a mud stream that is being circulated continuously. thin 
filter cakes are formed if the API water loss of the mud is 
maintained near 20 cu cm or less. 

3. A thick filter cake formed during a period of no circulation 
is very hard to wash away by mud circulation. 

!. Much thicker filter cakes are to be expected with the mud 
flowing in viscous rather than in turbulent flow. 


Filter Cake Thickness Prolonged 


Erosion 


Table Hl After 


Cake Deposited, Then Eroded Turbulent Flow 
Filter Cake 
Thickness 

Mud Used n 30 min in. 


Filtration Rate 
LP-API 


R 10 
J a) 
I 148 4 


: 
1 
5 
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Fable IN Effect of Viscosity on Filter Cake Erosion 


Cake deposited, then eroded 

Filtration Viscosity 

Rate LP-API Filter Cake Stormer 
cu em in Thickne (600 RPM) 


sO min in ep 


Type 
of Flow 


in Core 


Equilibrium 
Velocity 
ft/min 


Mud Used 


do sar filter cylinder pressure differential 350 psi 
) 23 /32° 5 430 Turbulent 
2 2 S85 2430 Viscous 
%/32 1 < 200 Turbulent 
ass filter cylinder pressure differential 350 psi 
Cake eroding during deposition 
4 32 2 


Sintered t 
545 Turbulent 

70 1,280 Viscous 
2-in. thick 


In turbulent How, erosion of filter cake increases approxi- 
mately with the square of the circulation velocity. 

6. Continuous mud circulation past a filter cake nearly always 
decreases the permeability of the filter cake. 
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DISCUSSION 


By O. W. Van Dyke, Magnet Cove Barium Corp., Houston, 
Tex., Member AIME 


Prokop has presented some very interesting facts about mud 
filtration, cake deposition, and cake erosion by fluid circula- 
tion. The radial filtration apparatus and the procedure de- 
scribed indicate some of the complexities of this problem 
and the large amount of work that is required to study the 
filtration performance of a mud under laboratory conditions 
that are designed to simulate hole conditions. The physical 
properties of the muds used in these experiments do not 
approximate field drilling fluids as closely as would be desired. 
It is hoped that Prokop will continue this work and in the 
future include results obtained using a of types of 
muds taken from drilling wells. 


variety 


It is evident that there are factors, other than those con 
sidered in this paper, which affect filtration and cake depo- 
sition in a drilling well, otherwise it would not be possible 
to work in holes with as much freedom from filter cake trouble 
as we do. It is probable that the rubbing action of the bit 
and drill pipe decreases the permeability and thickness of the 
filter cake deposited on permeable zones in a hole. Prokop 
observed a continued decrease in the filtration rate after the 
cake thickness had reached an equilibrium between deposition 
and erosion. The explanation offered of particle size classifi 
cation in the filter cake seems very logical. If continued cir 
culation brings about a particle size classification in the filter 
cake which reduces the permeability, it seems reasonable to 
expect that the rubbing of the bit and drill pipe may brine 
about a rearrangement of the particles in a filter cake which 
influences its permeability 


I would like to suggest that the mechanical action of the bit 
and drill pipe upon the filter cake be considered in mud fil 
a drilling 


tration studies that are to simulate conditions of 


well. 


AUTHOR’S REPLY TO MR. VAN DYKE 


Van Dyke suggests that the muds used in the experiment- 
did not approximate field muds as closely as desirable. The 
muds were all laboratory muds designed for stability of prop 
erties and made to range in filtration 
rates. When an effort was made to use field muds, their prop 
erties were observed to change rapidly because of the unusual 


cover a rather wide 


amount of agitation to which a mud was subjected in’ the 
experimental equipment. 

The mechanical action of the drill pipe and the bit were 
not studied. This was because it seemed advisable to find the 
effects of filter cake formation in a 


system that was not any more complicated than necessary 


mud hydraulics upen 


No doubt drill pipe retation and the action of the bit influence 


filter cake characteristics. But this was considered to be a 
<eparate problem 
DISCUSSION 
By H. T. Byck and H.C. H. Darley, E. and P. Resear 
Division, Shell Oil Co., Houston, Tex 
We were particularly interested in this paper because it 


gave experimental evidence on a question in which we have 
long been interested; namely, how soon does the filter cake 


on the walls of the hole reach an equilibrium thickness. The 
point is important because a condition where filtration pro 


ceeds without increasing the cake thickness is essentialls 
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RADIAL FILTRATION OF DRILLING MUD 


that, a- 


API 


different from that prevailing in the test so 
Prokop has pointed out, the test will not be a true measure 
of the performance to be expected in the well. When the 
cake thickness is constant. the loss to the formation 
will be proportional, not to the API test water loss, but to 
the permeability of the filter cake and the equilibrium thick- 
ness it in the well. Fortunately, the former can be 
calculated approximately from the data of the API test. It 
can be shown from D’Arcy’s Law that the permeability of 
the cake in millidarcies is equal to the product of the filtrate 
volume in cubic centimeters, the cake thickness in millimeters 
and a constant which is equal to 7.18% 10° at 30°C. We 
would emphasize that cake permeability is not proportional 
to the test water the difference being that the latter 
varies with the concentration of solids in the mud, whereas 


water 


assumes 


loss. 


the cake permeability does not. 


So two unknowns remain: how seon does the cake reach 
equilibrium thickness, and what is this equilibrium thickness. 
Prokop has provided some interesting and valuable data on 
but we feel that one important factor has been 
would be extremely difficult to 


that is. the eccentric rotation of 


these points, 
omitted, doubtless because it 
duplicate in the laboratory: 
the drill pipe wearing down the cake. There can be no doubt 
that a flexible shaft such as the drill pipe must con 
tinually the sides of the hote, 
good evidence of this in the wear on tool joint protectors and 
the inside of This be one of the 
principal factors affecting the equilibrium thickness of the 
cake, and may upset Prokep’s conclusion that the cake laid 


long 


sweep and in fact we have 


casing strings may well 


down under static conditions will retain its thickness after 
drilling is resumed. Our own feeling on the question of the 
cake thickness in the well is that this will be determined 


not so much by the properties of the mud as by the mechanics 
circulation rate and other factors men- 


of drilling. ce... the 
plus the action of the drill pipe, and 


tioned by Prokop 


whether or not the hole has been drilled to gauge, etc. If 
this is so. then the only significant property of the mud 
governing water loss to the formation for a condition of 
constant cake thickness is the permeability of the filter cake. 


To sum up. conditions in the hole are so complic ated that 
it appears unlikely that a routine test can be devised to yield 
data directly proportional to the performance of mud in the 


recognize that two general con- 


well. However. we ought to 

ditions occur in the well: (1) the filter cake increases as 
filtration proceeds and (2) the thickness remains constant 
but water loss continues through it. The API water loss is 
the best criterion for the former. the cake permeability for 


the latter 


AUTHOR’S REPLY TO MESSRS. BYCK AND DARLEY 


Byck and Darley are correct in emphasizing the influence 
of cake permeability upon the amount of filtrate that will 
penetrate a formation once a constant filter cake thicknes= 


has been reached. The permeability of a filter cake is, how- 
ever, a function of several variables. One of the most influen 
the differential the cake. When a 
measurement of cake permeability is presented, the 
pressure at which the was should be 
specified. The permeabilities mentioned in the paper were 
measured while there was a pressure differential of 350. psi 
across the cake. The formula the 
appears to be applicable to the standard APT test. This test 


tial is across 


pressure 
single 


measurement made 


presented in discussion 


is made at 100 psi 


References 2 and + of the paper include a discussion of 
the effect of filtration pressure upon filter cake permeability 
oS = @ 
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VOLUMETRIC BEHAVIOR OF CONDENSATE AND GAS 
FROM A LOUISIANA FIELD—II 


B. H. SAGE, MEMBER AIME, AND H. H. REAMER, CALIFORNIA INSTITUTE OF TECHNOLOGY, PASADENA, CALIF. 


ABSTRACT 


The formation volume and the relative volume of the liquid 
phase of mixtures of condensate and gas from five different 
parts of a field in the Louisiana area have been established 
experimentally. These studies included ,as-condensate ratio- 
as high as 25,000 cu ft/bbl at pressures up to 5,000 psi. Th: 
gravities of the tank condensates were between 53.9° and 63.9 
API. 

The compositions of the condensate and gas samples inve 
tigated are presented in tabular form. The formation volume 
the relative volume of the liquid phase, and the specific volume 
of the mixtures are available. 
formation volume as a function of pressure, temperature, and 


\ rough correlation ot the 


gas-condensate ratio has been presented. This correlation 
considered applicable only to the range of conditions covere | 
in this investigation for systems of similar nature and co 
position 


INTRODUCTION 


Often a knowledge of the influence of temperature. pre 
sure, and relative quantities of condensate and gas upon the 
volumetric behavior of fluids from a given field has been em 
ployed in estimating the conditions existing in the reservoir 
The early work of Beecher and Parkhurst 
cent studies of the Dominguez and San Joaquin Valley Field 
are examples of experimental studies of this character. Corr 
lation of the volumetric behavior of naturally occurring hydr« 


and the more re 


carbon mixtures has proved to be feasible’’ at low gas-conden 
sate ratios for fluids* from a single geographic area. Progre 
is being made in the prediction of the volumetric behavior o 
distillate systems at high gas-condensate ratios and pressure 
However, the estimation of the retrograde’ ’ dew-point pressure 
still remains uncertain and probably can best be establishe 
by experiment. For this reason it appears of interest to make 
available experimental information about the volumetric bel 
vior of mixtures of condensate and gas from five different part 
of a single field. This material shows a rough similarity 
data for mixtures of condensate and gas from San Joaquin 
Valley Fields. 

In the present paper, no attempt has been made to coordi 
nate the available information on the volumetric behavior of 
fluids from condensate fields. It appears hopeful that progr 
can be realized by the utilization of recently developed equ 
tions of state.” However, the primary problem in any su 
correlation is the proper identification of the components and 
constituents’ of naturally occurring systems. Additional experi 
mental information may be required to permit the determina 
tion of the values of the constants of the equation of state for 


References given at end of paper 


Manuscript received in the office of the Petroleum Branch June 
1951 

*For present purposes low gas-condensate ratios will be considered 
3.000 cu ft bbl, and the region of high gas-condensate rat 


those below 
5.000 cu ft of wa 


will be limited to compositions containing more than 
bbl of condensate. Mixtures containing between 3,000 and 5,000 


as per bbl will be considered of intermediate gas-condensate ratic 
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each of the important components and constituents. The exten- 
sion of experimental work in the region of retrograde phase 
for naturally occurring mixtures appears worth 
indicate the existence of hetero- 


behav or 


while since recent studies 


lable 1-- Composition of Trap Samples 
Ga Liquid 
Mok Weight 


Fraction Fraction 


eight 


action Fraction 


Methane 1.9032 0.7 
Ethane 0.0755 
0.0586 
0.0294 
0.0216 
0.0113 
0.0062 


Isobutane 

Butane 
Isopentar 
n-Pentane 
Hexar 16 O74 
Heptanes 0.0027 
Octanes and heavi ) 0.0034 


Carbon Dioxide 0.0047 


System B 
Methane 6 0.73 
Ethane ) 


n-Pentane 


Hexanes 


O21 
0118 
O280 
0334 
0301 
o40* 
0254 
0.010 0924 
0.0112 5 107% 
6004 


0.0094 


0.0027 


0.011 


System D 

o196y 
01054 
-02208 
01985 
02551 
-03156 
02239 
06852 
11178 
66808 


OR 453 
11860 
41339 


0.00700 
0.00271 
0.01016 


0.00715 


System F 
). SSRN 
6.0751 
0.0349 
O.O126 
0.011 
0.0078 
0.0021 
0.0039 
0.002 
0.0007 


0.0075 
0.0031 
0.0004 
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Table Il 


Properties of Less Volatile Portion of Trap 
Liquid Samples 





System 
B Cc Db 
Specific Gravity at 60°F 0.7 0.7881 0.7841 0.790% 71 
stmespheric Pressure 
Average Molecular Weight 162.4 162 162.7 171.8 167.8 
Specific Kinematic Viscosity Viscosity Boiling 
Cut Gravity Centistokes Gravity Range Weight 
No 60°F /60°F 77°F 100° F Factor F Fraction 


System A 































10 
10 0.0619 
10 : 
10 
10 
1 
10 
0 0.2097 
System B 
10 0.6579 
10 0.7039 
10 0.8069 
10 0.9354 
1 6.1301 
10 1.4590 0.8002 ¢ 
10 1.8568 0.8030 0.05980 
10 2.3781 0.8105 0.06080 
a 5.309 0.8210 494- 0.12601 
System ( 
10 0.661 
10 0.715 
10 0.307 
10 0.955 5 
10 1.182 
10 1.464 0.0612 
10 1.866 O.8050 0.0620 
10 0.8084 
0 O.S056 
D 
0 0.06269 
10 0.06356 
10 0.06436 
0 0.06561 
10 0.06643 
10 0.06744 
10 0.06829 
10 0.06940 
0.14030 
System E 
0.7515 0.772 0.668 0.7935 0.0662 
) 0.7586 0.831 0.830 0.7905 0.0668 
0.772 1.000 O.884 0.803 0.0680 
r 07 1.087 0.8065 0.0689 
’ 0.7916 1.440 0.8060 0.0697 
) 0.8018 1.842 O.ROR0 0.0706 
0.8109 2.333 0.8105 0.0714 
$05 0.812 00-540 0 
” 197 S14 0.1473 
geneous equilibria in hydrocarbon systems at pressures well 
in excess of 10,000 psi. 
The terminology used in the discussion of the volumetric and 


phase behavier of naturally occurring mixtures has become 
somewhat standardized. In the present instance the terms will 
correspond to the glossary included in a recent publication 
which closely follows earlier discussions. All volumetric quan 
tities unless otherwise specified are considered as measured 
at 60°F and 14.73 psia. The term “liquid formation volume.” 


which is analogous to “formation volume.” refers to the ratio 


lable III 





System A System B 

Mole Weight Mole Weight 
Component Fractior Fraction Fraction Fractior 
Methan 
Ethane 
Propane oo 0.0024 0.02306 0.008 
Isobutane 1019 008 ).03753 O.O17S1 
n-Buta 0.0185 0.05440 0.02582 
Isopentane 1.022 05301 0.0312 
n-Pentane 0.0247 0.05046 0.0297 
Hexanes 0.0714 0.10600 0.07460 
Heptanes O1MNS 0.1634 
Octanes and heavier 1.740 0.51211 

I 4.7 


Specific Volume and API Gravity at ¢ 1 
“0.02100 cu ft/lb 53.9 API 0 
cu ft/lb 58.2 AP 
0.02137 cu ft/lb 57.1 AP 






I 
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VOLUMETRIC BEHAVIOR OF CONDENSATE AND GAS FROM A LOUISIANA FIELD — II 


of the volume of the liquid phase of the mixture at the tem- 
tank 


condensate associated with that mixture. At bubble point the 


perature and pressure in question to the volume of 


formation volume and liquid formation volume are identical 


MATERIALS 
Samples of condensate and gas were obtained from the sur- 
face separators of wells producing from separate parts of a 
field. They were collected in steel containers provided with 
valves at each end and originally were filled with natural gas 
Fac hr 


with a 


at a pressure slightly above that of the atmosphere. 
sample container was thoroughly purged by flushing 
large excess of the fluid collected under conditions such that 
the pressure in the sample container was nearly equal to that 
in the surface separator. 

At the laboratory, sub-samples were obtained by withdraw- 
gaseous hydrocarbon through drying cham- 
chloride. The 


within the original trap liquid sample containers was main- 


ing the liquid or 
bers packed with granular calcium pressure 
tained during the withdrawal by the introduction of ethylene 
glycol. To avoid possible condensation of the trap gas sample, 
the containers were heated above 200°F before the withdrawal 
of the sub-samples. The same procedures were employed in 
the withdrawal of samples used in the determination of the 
volumetric and phase behavior of each of the several systems 

The samples were forwarded to an industrial laboratory 
where the composition of the trap liquid and the trap gas for 
each fractional distillation, The 
mole and weight fractions of the components of the trap liquid 
the six restricted 
Table I. The 


weight of the heavier portion of the trap gas was estimated 


system was determined by 


and trap gas for each of multicomponen 


systems are presented in average molecular 


and the average molecular weight of the octanes and heavier 
portion of the trap liquid was determined from the freezing 
point lowering of benzene. Table II presents some properties o 
the octanes and heavier portion of the trap liquid samples. 
They were separated into several parts by fractional distilla- 
tion. The separation process was carried out at a reduced pres 


sure to avoid thermal decomposition of the hydrocarbons ir 
volved. The weight fractions recorded in this table are based 
on a unit weight of trap liquid and their total equals only that 
fraction of the trap liquid represented by the octanes and 
heavier f the sample. Table IIL records the composi- 
tions of the tank condensate as determined from fractionation 
analyses of samples taken from the stock tanks of several wells 


LABORATORY METHOI 


Phe procedures, equipment, and methods which have been 


portion 





. 


} been de 


employed in_ this 
and no significant modification from the original 


investigation already have 


scribed 
procedure was necessary in the present study. The composition 


of the experimentally studied mixtures is available." and a 


Condensate 


lank 





System ¢ System D System E 
Mole We Mole Weight Mole Weight 
Fractior Fractior Fractior Fraction Fraction Fraction 
1408 0.0170 1.0056 
24 11964 0.0172 0.0074 
) 03748 0.0381 0.0164 
4 026s 0.01 
4 1344 0.0358 0.0191 
7s 10458 0.1078 0.0689 
65s 5859 0.1448 0.107 
4 ats 584 0.6111 0.7601 
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portion of these data constitutes Table IV.* The data have 
been presented upon a molal and weight basis and were estab 
lished from a knowledge of the relative weights and the com 
positions of trap liquid and trap gas 
mixtures, 


used in each of the 


EXPERIMENTAL RESULTS 


The experimental measurements obtained for the several 
mixtures investigated are recorded” for systems A to F. In 
this tabulation the specific volume. the volume of the liquid 
phase per unit weight of mixture. formation volume, and th: 
formation volume of the liquid phase’ have been presented at 
a series of even-valued pressures and temperatures for each ot 
the mixtures. Samples of these tabulations are shown in 
Tables IV and V.* A sufficient illustrative dia 
grams already is available’* to make unnecessary the pres 


number of 


entation of graphical representation of these data. From 
qualitative standpoint. the behavior is similar to that of othe 
naturally occurring condensate hydrocarbon systems. 

At present, the prediction of retrograde dew point ts pe 
haps the most uncertain of the properties to be estimated b 
existing methods. The experimentally determined retrograde 
dew-point pressure is recorded in Table VI as a function of 
System F. 1 
relation of the .retrograde dew-point pressure and the ga- 
ratio for this system is shown in Fig. 1. The dew 


even values of the gas-condensate ratios for t 
condensate 
point pressure reaches a maximum at a gas-condensate rati: 
of approximately 8.000 cu ft/ bbl and decreases rapidly at 
higher ratios. There was insufhcient experimental background 
to establish with certainty the effect of gas-condensate ratio 
on the retrograde dew-point pressure for the other syst 
limited range of conditions. The 
of temperature on the retrograde dew-point pressure for Sy 
tem F is presented in Fig. 2. A maximum in this 
is encountered for the three gas condensate ratios involved 
temperatures between 110° and 130°F. This type of behavior 
is similar to that occurring in other studies.” 





except within a influen « 


pressure 


*In order to conserve publication space only sample portions of Table 
IV and V are presented here. For detailed paper order Document ’ 
from American Documentation Institute, 1719 N Stre N.W., Washir 
ton 6, D. C., remitting $1.00 for microfilm (images 1 in. high on sta ard 
{5 mm. motion picture film) or $9.90 for photocopies (6x 8 in.) readable 
without optical aid. 
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FIG. 1 RELATION OF RETROGRADE DEW-POINT PRESSURE AND GAS 
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Fable IV 


Sample of Composition of Experimentally 
Studied Mixtures 








System A 
Weight Fraction Trap Gas 
220 0.4320 
Mole Weight Mole Weight 
Component Fraction Fraction Fraction Fraction 
Methane 1.6798 0.2601 0.7478 0.3443 
iLthane 496 0.0356 0.0487 0.0421 
F 1.0345 0.036 0.0315 ‘ 
21 0.0294 0.0176 
0.0187 0.0259 0.0151 
0.014 0.0251 0.0110 
010 N17 0.0077 
0.0510 O.0177 0.0439 
0.0711 0.0209 0.0600 
0.0015 0.0016 0.0) 
heavi 0.446 0.0804 0.3 
( Condensate KR 216 41960 
Cu Ft/ Bb 2665' 4031 
Gas-condensate ra expressed as cu ft, bbl of tank oil 
Gas-condensate ratio expressed as cu ft/bbl of butanes and heavier 


Table \ Sample of Volumetric Behavior of 
Experimentally Studied Mixtures 














System A 
Specif Liquid Liquic 
Pressure Volume Volume Formation Formation 
Psia Cu Ft Cu Ft/Lb Volume Volume 
Weight Fraction Trap Gas 9.3220 
Gas-Condensate Ratic 2,665 cu ft/bbl 
10°! 

KP 0.02987 2.060 2.060 
4000 1.01483 1.023 
600 0.01559 1.075 
KOK 0.0162 1.122 

1,000 0.01690 1.166 

1.254 0176 1.216 
500 1.01837 1.267 
ThO O.0O1911 1.318 

> 000 0.01997 1.377 
2 0.02087 1.440 

2,500 0.0219 1.513 

750 0.02320 1.600 
000 0.02470 1.704 
250 0.0308 0.02641 1.822 
500 0.03020 0.02855 1.969 

I parenthe i t bubble-poit pressure expressed in 
n pe quare ir bsolute 

> ° 
Fable VI Retrograde Dew-Point Pressure 
stem | 
Gas-Conder Ratio cu ft/bbl 
Te era 

} 6,000 & Ot 10,000 12,000 14,000 
ww 604 758 740 

4 S50 oO ab 

oo 26 156 920 

0 4 960 911 

6 104 904 R45 

0 K2 RO4 1 
220 714 676 176 3,100 

acle ew-point pre ire expressed in pounds per square inch 





It has been found that there exists a nearly linear vari 
ation in the formation volume with the gas-condensate ratio 
under isobaric-isothermal conditions. In the case of distillate 
fields the following expression’ describes the volumetric beha 
vior in the heterogeneous region with reasonable accuracy: 
Fry 
t P Bac ae er high Shs eee, Ss 


The coethcient A ot Equation (1 has been considered as a 


function only of pressure and temperature. The data recorded 
in Table VII represent average values of this coefficient for 
each of the mixtures investigated. There was an average devia- 
tion of 3.4 per cent of the individual values of this coefficient 


at a particular pressure and temperature from the quantities 
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FIG. 2 — INFLUENCE OF TEMPERATURE UPON THE RETROGRADE DEW 
POINT PRESSURE FOR SYSTEM F 


recorded in Table VIL. This deviation was much larger than 
that encountered in two other investigations of gas-condensate 
fields." * A comparison was made of the formation volumes 
computed from the coefheients in Table VIL with experiment 
ally determined values. The average deviation of the pre 
dicted and experimental formation volumes at 18 states chosen 
at random was 3.8 per cent. Table VILL presents a comparison 
of the coefficients which were obtained at several temperature-~ 
and pressures from the present studies and from measure 
ments of the volumetric behavior of mixtures of conden-ate 
and gas from fields in the San Joaquin Valley’ and Louisiana 

There appears to be a larger variation in this coefficient from 
one field to another than is experienced with the changes in 
gravity of the tank condensate from one zone to another in 
a particular field. It is expected that the coefhcient of Equa 
tion (1) will be primarily a function of the relative quantity 
of the lighter hydrocarbons present rather than those of inter 
mediate molecular weight. For this reason it is not surprisin: 
that minor changes in the gravity of the tank condensate did 


not influence the coefficients greatly 


*The legend of Fig f Reference is iv und should rea 
Pressure Specific Volume Product for System Containing 0.8928 
Weight Fraction Trap Gas.” The discussion of Fig. 1 should be modified 
t 0.8928 weight fraction tra " 


Table VII Values of Coefficient A 


1x 10° 


I-39 HOS 
Sux S—Se 


LEE 


Table VIIL— Comparison of Volumetric Behavior of 
Fluids from Several Fields 


Coefficient 1x 10 





or} I I 
San Sar Sar 
Jou- I i Joa I i l i Joa I i I i 
Psia quin jana quin iana iana juin jana ana 
600 458 4.45 4.65 4.75 el 1s 4.54 ’ 
1.000 4.45 4.07 4.44 4.59 re | ‘ ’ 4.77 i 4.4 
1,500 4.09 8.75 4.27 4.41 4.50 1.58 1.66 54 4.x 
» 000 +909 $50 4.19 1.29 ‘ tod ! ‘ 1 
000 3.92 3.70 4.29 4.2% i 46 1.61 i851 1s 
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NOMENCLATURE 
! Dimensional coefficient 
Pressure. psia 
Gas-condensate ratio. cu ft) bbl 
I! Absolute temperature. °R 
Formation volume 
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MOBILITY RATIO—ITS INFLUENCE ON FLOOD PATTERNS 
DURING WATER ENCROACHMENT 


J. S. ARONOFSKY, MAGNOLIA PETROLEUM CO., DALLAS, TEX. 


ABSTRACT 


The results of potentiometric model studies and numerical 
computations are described. The purpose of these studies was 
to determine the influence of the mobility ratio on flooding 
efficiencies during water encroachment in petroleum reservoirs 
in systems of regular well geometry. 

The direct line drive well pattern having relative spacing 
distances of one and one-half to one was investigated for water 
to oil mobility ratios of 10. 1, and 0.1. The results of these 
that the pattern efficiency is 
dependent upon the mobility ratio. 


studies indicate sweep very 


INTRODUCTION 


The almost universal occurrence of water in the immediate 
neighborhood of oil-bearing sands lends considerable emphasis 
to the desirability of having a rational analysis of water en 
into This 
the accelerated 


reservoirs. problem has 


with 


croachment petroleum 
become increasingly important 
water injection for secondary recovery operations. 


use of 


The water encroachment problem has been studied from 
both the theoretical and experimental viewpoints by Muskat 
He has formulated, in a precise manner, differential equations 
to express flow in a water encroachment system, and rigorous 
analytical solutions have been developed for the linear. radial 
and spherical cases.* However, it becomes exceedingly difhcult 
to solve the encroachment problem rigorously for any general 
two-dimensional system in which the shape of the two-fluid 
interface is not immediately evident from the geometry of the 
system. The difficulty lies in the fact that a rigorous analytical 

References given at end of paper 

Manuscript received in the Petroleum Branch, AIME, office, Aug 


Paper presented at the Fall Meeting of the Petroleum Branch in Ok 
homa City, Okla., Oct. 3-5, 1951 
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solution requires that the shape of the two-fluid interface be 
known simultaneously with its instantaneous position and with 
the pressure distribution on both sides of the interface. 
Although this paper concerns the study of the two-fluid 
system of oil and water, the methods described in the paper 
are generally applicable to other systems of incompressible 
and immiscible fluids in which the displacing fluid sweeps 
the displaced fluid down to a residual value. In each region 
it is assumed there is only one mobile fluid and its mobility is 
the The same procedure, with 
minor alterations, is applicable for gas injection systems pro- 


constant throughout region 
vided the assumption can be made that both the displaced 
and displacing gases can be described by steady state formulas. 

For two-fluid problem considered in 
paper, there is a relative permeability. K, 


this 
and a viscosity, ». 


the particular 


associated with the water zone, and a different permeability 
and viscosity associated.with the oil zone. The K/« (mobility) 
element of the 
instant of time, will depend upon 
ahead of. or behind the advancing 
that all volume elements ahead of 
the interface are characterized by the K /u value for oil, while 
all the elements behind the interface are characterized by the 
That is. the K 
constant throughout the oil zone. and the K/« value in the 


value associated with a particular volume 


medium, at 
the 
interface. It is 


porous any 


whether element is 


assumed 


K u value for water w value in the oil zone is 
water zone is also constant but different from the value in the 
oil 
The well pattern chosen for initial siudy 
the 


zone. The symbols are defined at the end of the paper. 


is the direct line 


drive; swept-out area at breakthrough was determined 
by two different methods which are described in the section 
on theory. These are 


1. Potentiometric analyzer 


2. Numerical computation 

The use of the potentiometric analyzer for studying water 
flooding problems is adequately deseribed in the literature, 
particularly for cases where the mobility in the water zone is 
assumed equal to the mobility in the oil zone. 


15 
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FIG. | — DIRECT LINE DRIVE WELL SPACING 


In the last 20 years. considerable interest has developed in 
the general use of numerical approximation methods for solv 
ing difficult mathematical problems when rigorous analytical 
methods proved impractical. To our knowledge. these numeri 
cal methods have not previeu,ly been applied to water en 
croachment problems,* although the numerical methods have 
been used by Southwell and co-workers in England to deseribe 
water flow under a coffer dam 

Pwo specific examples are worked out in detail in this paper 
Phe well pattern in both is the direct line drive consisting of 


alternate rows of injection and producing wells: 


|. For the first example. the ratio of mobility values. water 


(K/“). 
(K ‘m) 


out by both methods described above 


to oil is equal to 10. This problem was worked 


ratio of 0.1 
te. the mobility for water is equal to 0.1 the mobility 


2. The second example assumes a mobility 


for oil, This second problem was examined only by the 


potentiometric analyzer method 


Results obtained using a mobility ratio of one to one were 
used as a reference in interpreting the effects of variations in 


mobility ratio on sweep efficiency 


DISCUSSION 
Method 


The geometry of the direct line drive well pattern used in 


this problem is illustrated in Fig. 1. This well geometry con 
sists of alternate rows of injection and producing wells. The 
spacing of the direct line drive network may be altered by 
changing the b a ratio of Fig. 1. where 6 represents the dis 
tance from a rew of injection to a row of producing wells. 
and a is the distance between neighboring producing or injec 
wells 


tien Since the sweep efficiency is dependent upon the 


ba ratio, this ratio has been arbitrarily fixed at 1.5 for all 
From the geometrical 
that 


may be represented by the rectangular section shown in Fig 


investigations described in this paper 


symmetry of the pattern, it is clear the whole network 






*It has been called to our attention that a paper entitled “Numerica 
Methods for Cycling and Flooding Problem by C. H. Fay and M. Prat 
was pre ted at the World Pet m Congress, June, 195 at The 
Hague, Netherlands. They use numerica thod to study the flooding 
efficiency of a conventional five-spot we pattern for a mobility pattern 


of four to one 
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l or 2 
entation to represent the line drive pattern. 
yardstick for 
of a flooding operation is the amount of oil displaced by the 


This rectangular section is used throughout this pres- 


\ convenient measuring the relative success 


encroaching water. Though also dependent on a number of 
other considerations, the quantity of oil displaced is propor- 
tional to the area swept out by the water phase, since both 
the oil and water phases are assumed to be incompressible 
and immiscible. Techniques for determining the swept-out area 
or sweep efficiency for various well spacings are recorded in 
the literature. However, in all of these solutions the assump- 
tion is made that the K 


zone is the same as the K 


(permeability to viscosity) ratio in 
uw ratio in the oil zone. 


that the 


the water 


laboratory information. is is believed 


(K/u)~ 
(K 


tween 20 and 0.05, so it is desirable that this parameter be 


Based on 


mebility ratio may vary over a4 minimum range be 


considered in determining sweep efficiencies. 


This two-dimensional encroachment problem has not been 
olved rigorously for the case of mobility values differing on 


the two sides of a liquid-liquid boundary’ In this report an 


approximate solution to this problem is worked out by making 


use of the method of successive corrections.” *~ This method is 


applied in the following mannet 
|. Determine by numerical or analogue means the potential 


(pressure) distribution ©, in the oil zone and >, in the 


water zone for an initial assumed position and shape ot 


the interface 


: (A A®) 


2. Compute velocity vectors at a selected number 


of well-distributed points on the interface. 


Advance the selected interface to a new 


position corresponding to some increment of time Af. 


points on the 


Compute new values for the potential (pressure) distribu 
The (K/«“), 


water 


ratio is assumed to be 
Similarly the (K/«#) 
zone. but 


tion of the interface 


constant in the new zone. 


ratio is constant throughout the new oil 


(K/u)~ + (K 
Compute new velocity vectors: 
ess is then repeated until “breakthrough” occurs, 


the whole step-wise proc- 


= + 
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FIG. 2— STREAMLINE AND POTENTIAL DISTRIBUTION FOR TYPICAL 
SECTION OF LINE DRIVE SPACING 
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FIG. 3 — INSTANTANEOUS POSITIONS OF OIL-WATER INTERFACE FOR 
M= 10 


Mobility Ratio of 10 


The above procedure can best be illustrated by examining 


the following problem: 


Consider the two-well problem of the dimensions given in 
Fig. 2. This corresponds to a line drive “well spacing” of one 
and one-half to one as explained previously. Let (K/«) . 10 
in the water zone and (K = 1 in the oil zone. The per 
meability. K. may be measured in dareys and the viscosity 


(K/u“). 
(Ku) 


injection 
200 


mw) 


in centipoises. We thus have a mobility ratio M = 


= 10 for this problem.* Let us assume also that the 
well pressure is maintained at a constant value of ® 
atmospheres gauge throughout the investigation and similarly 
the producing well pressure is maintained at a constant value 
of &, = 0 atmospheres gauge. 

Following Step 1 above. the pressure distribution and the 
streamline distribution are determined at that instant when 
injection commences (see Fig. 2). The exact manner in which 


the potential distribution may be calculated will be described 


in the section on Theory. The water-oil interface is now ad 
vanced to a new position as shown in Fig. 3 (drawn to repre 
sent the dimensions of an actual potentiometric model em 
ployed) which corresponds to some increment of time. Af 
that the water was injected. This interface position is desig 
since the nose of the interface was advanced 


nated 2'% in. 
out of 24 in. between wells of the model 


arbitrarily 2!» in. 
Next, the pressure and streamline distributions on either side 
of the new interface position must be determined, based on 
the concept that the (K /u), = 10 throughout the now larger 
water-invaded zone and that (K/«), = 1. before, in the 
remaining uninvaded region. Following this procedure the 
nose of the interface was advanced at specific increments « 
21% in., 5 in., 8 in., 11 in., 14 in.. 17 in., 20 in., 22 in. out of 
a total distance of 24 in. between wells. Figs. 3 and 4 illustrate 
the positions of all the interfaces except that at 22 in. The 
increments of time, At, were allowed to change for each stage 
of advancement. The distance of nose advance was specified 


as 


{ 


*It should be understood that in a specific field problem the mobilit 
ratio would have to be determined from auxiliary laboratory experiment 
may have values different from 10 


and, of course, 
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instead of the time increment in order to compare the swept 


areas for different mobility ratios 


The 


integration of 


efficiency then is determined from graphi- 
the flooded breakthrough 
The percentile sweep efficiency is defined 


sweep 


area at as 


cal 
shown on Fig. 4. 

area of water zone at breakthrough es 
to be 100. The sweep 
total network area 


efhciency for the mobility ratio of 10 was 59.1 cent as 
determined by the numerical method and 62.9 per cent as 


the an average of 


per 


method, or 


determined by potentiometri« 


61.5 per cent. 


Mobility Ratio of 1.0 


It is of interest to compute the sweep efficiency by both the 
numeric and potentiometric techniques for the case of M = 1. 
particularly since such a solution has been described in the 
Che flooded areas for M = 1 are shown in Fig. 5. 
determined by the numeric and poten- 
70.0 per cent and 71.6 per cent respec- 
tively. This is an e value of 70.8 per cent which is very 
close to the 70.74 per cent computed from Muskat’s analytical 
-olution. Such a close agreement with the theoretical solution 
is gratifying as a check on both the numeric and potentio- 


literature. 
The swee Pp efficiency 
tiometric methods are 


averas 


metric methods 


Mobility Ratio of 0.1 


Based on the analysis presented above. a comparison of 61.5 
per cent sweep efhiciency for M = 10 and 70.8 per cent effi 
for WM | indicates that approximately 10 per cent of 
the oil in place could not be swept out at breakthrough for 
WV 10 that was swept out for M = 1, This interesting result 
ndicated that a flooding experiment should be run for the 
case where the mobility ratio M = 0.1. This problem was run 
off on the potentiometric analyzer following the steps described 
The details of operating the potentiometer analyzer 
The successive advances of the inter- 
the sweep efficiency is 86.6 per cent. 


crency 


above 
will be 


face are given in Fig. 6: 


discussed later 
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FIG. 4— VARIOUS INTERFACE POSITIONS FOR M = 10 
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MOBILITY RATIO — ITS INFLUENCE ON FLOOD PATTERNS DURING 


WATER ENCROACHMENT 


COMPARISON OF FLOODED AREAS FOR THE 
VARIOUS MOBILITY RATIOS 


\ comparison is the flooded areas for the 


(K/u). 
ratios VV 10. 
(K/“) 


1, and 0.1. The interfaces at breakthrough are shown in Fig. 7 


made between 


line drive pattern with mobility 


where the curves are labeled “A.” “B” and “C™ for ratios of 
10, 1 ~ and “B” 


curves based on results of the two methods (potentiometric 


and 0.1] respectively. Curves “A are average 


and numeric) of advancing the interface. Curve “C” was 


determined by the potentiometric method only. 


The most significant fact is that the sweep efheiency is very 


(K Mie 
. these 
( u) 


much dependent upon the mobility ratio MV 


efficiencies being 61.5 per cent. 70.8 per cent. and 86.6 pet 
ratios of 10. 1, and 0.1] 
large changes in efficiency indicate that the effects of mobility 


cent for as quoted previously. Such 
ratio variations should be considered in practical field prob 
lems where careful economic studies must be made. The pro 
duction rates also would be considerably different in the above 
three cases. although production rates have not been consid- 
ered in this study. 

\ further interesting factor in this analysis is the shape of 
the interface itself at breakthrough for the three cases con- 
sidered. All three curves of Fig. 7 have the typical “fingering” 
or “cusping™ that must occur near the producing well. Because 
of the complexity of the problem, it would be impossible to 
predict a prior what the shape of the interface should look 
like for M = 10 based upon the shape of the interface curve 
for M 3 

Muskat predicted the effect of the 
between the fluids on the two sides of the interface (see page 
178, Flow of Homogeneous Fluids: “The effect 
croachment of the water into the oil of higher viscosity 


difference in’ viscosity 


on the en 
will 
be an aecentuation of the distortion and the sharpening of the 
for the single-fluid system. For the 
replacement of the higher viscosity oil by the encroaching 


‘fingering’ or ‘cusping’ 


water will evidently decrease the total resistance of the system 
and hence increase the average fluid velocities. The increase 
of the velocities, however, will be maximal along the main axis 
of the fingering where more of the oil has already been dis 
placed by the water. This differential increase in the fluid 
velocities will, therefore. accentuate the distortion in such a 
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FIG. 5 — SWEEP PATTERN AT BREAKTHROUGH FOR M= | 
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FIG. 6— INTERFACE POSITIONS FOR M= 0.1 


way as to make the fingering more pronounced, although the 


effect will not become large until the interface approaches the 
vicinity of the output wells . 

In the above quotation, Muskat was interested in viscosity 
differences; the same argument applies to differences in K/« 
ratios. Consider that the relative permeability in the water zone 


a ; u 
is the same as oil permeability. Then the mobility ratio M = 


104, and assume that the oil is of higher vis- 
Muskat discussed. He 
predicted that the “fingering” would be more pronounced for 
this case (VM 10) than for the single-fluid system (M = 1). 
\ comparison of these two cases is given in Fig. 7. Notice 
(M = 10) is more pronounced 


Also let 


cosity than water as in the case that 


that the fingering for curve “A” 
than curve “B” (M 1). 
curve “A.” The 


reversed when the mobility 


and the flooded area is smaller for 
modification of curve “B” (M = 1) is just 
ratio MV = 0.1. In the latter case. 
“C.” the flooded area is larger than for 
and 


as indicated by curve 
VW l. 
“B” of Fig. 7 intersect near the producing well. 

Muskat studied the effect ot mv- 
ratios on water-drive systems producing from forma- 
stratifications and 


No explanation is offered as to why curves “A” 


In a more recent article. 
bility 
tiens containing horizontal permeability 
having zero vertical permeability. The general result is that 
when the mobility ratio of water to oil is larger than unity 
the channelling tendency. resulting from permeability stratifi- 
cation, becomes aggravated as the higher permeability zones 
hecome flooded out. Conversely, for mobility ratios less than 
unity, the flooding of the high-permeability zones will lead to 
choking effect. It is interesting to note that 
the results described in the present paper confirm the concept 


is aggravated for mobility ratios larger 


a retarding and 


that the “fingering” 
than unity and retarded for mobility ratios less than unity. 

Still another instance may be cited where the “fingering” is 
aggravated for mobility ratios larger than unity and retarded 
for mobility and Calhoun 


have described the use of photomicrographic techniques for 


ratios less than unity. Chatenever 


investigating water encroachment into a cell of spheres satu- 


rated with a high-viscosity oil. For this case where the so- 
called mobility ratio is less than unity. they observed that 


the flood front pattern had a stringy appearance as the water 
fingered through the flow bed. The condition of mobility ratio 
less than unity was represented by flooding the high-viscosity 
water-saturated cell. The flood front 
© advance with piston-like action. showing little 


oil inte a for this case 


appeared 
tendency toward fingering and by-passing. 
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EFFECT OF MAGNITUDE OF INCREMENTAL 
NUSE ADVANCE ON SWEEP EFFICIENCY 
DETERMINATION 


In the actual case of water flooding. it is clear that the 
potential distributions in beth the oil and water zones must 
vary continuously with time as the interface advances. The 
assumption is made that the history of these flow systems can 
be described in terms of a continuous succession of steady 
states. although the system is actually in an unsteady state 
of flow. In this investigation the nose of the interface wa 
advanced in nine steps to the final (24 in.) position of break 
through. At the interface. new 


streamline and or potential fields were computed on a steady 


each successive advance of 
state basis. 

As shown in Fig. 3. the nose of the interface was advance 
from 1} in. to 14 in., representing a three-in. increment. | 
order to compare the effect of increment size on the solution 
obtained it was thus desirable to advance the 
increments than three in. 


interface 
\ comparison is made it 
14 in. by 


and three-in. increments. The comparison of Fig. 8. which 


-maller 
Fig. 8 of interface advances from 11 in. to one-il 
from potentiometric studies, shows that the area for the 14 in 
interface by one-in. increments is about one per cent smalle 
than the swept area for three-in. increment advance of the 
nose. This indicates that the swept area at 14 in. nose positio 
would be even smaller if smaller increments than one in. were 
taken: believed to be of se 

tance. This same procedure of advancing the 


such effects are ondary impor 


interface 


from 1] in. to 14 in. by one-in. increments was compute 
numerically. and the results are similar to the potentiometr 


results given in Fig. 8. 
THEORY 


Potentiometric Models 


One of the methods of analysis discussed in a preceding 
paragraph is the use of potentiometric models to solve water 
encroachment problems. The basic theory of such models will 
he explained briefly here. There are excellent papers available 
on this subject by Muskat, and others. 

These model studies are generally based on 


Lee. 
a two-dimen 
sional idealization of the porous medium flow system by cur 
flow medium. The equation of cont 


rent in an electrolytic 


nuity for the porous system is* 
*List of Nomen 


represent the ‘de om 
able 


atur 
ature 


given at end of paper 
rator 


The symbol @ is used t 


because conventional symbol was not 
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FIG. 7 — COMPARISON OF FLOODED AREAS FOR M= 10, 1 AND 0.1 
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FIG. 8 —~ COMPARISON OF INTERFACE ADVANCES FROM 11 IN 
14 IN. BY ONE AND THREE-IN. INCREMENTS 


Ai 0 : ' (1) 
where v represents the Macroscople velocity vector. 


Phe analogous continuity equation for the electrical svstem 


re 0 ee 
where i is the vector current density. The generol.ie | Darev’s 
law may be written as 
K 
Al’ (3) 
for two-dimensional flow where gravity forces are neglected 
Ohm’s law becomes 
i [Al (4) 
equivalent electrical conductivity 
voltage 
permeability 
viscosity 
h = thickness of porous medium. 
Phe 


Ohm's and Darey’s laws 


continuity equation can now be rewritten” by using 


Kh 
A-cAl A: AP=0 i « & 
to build an electrolytic tank model to have geo- 
metric similarity with a fluid in a perous medium, Equation 
(3) must be equivalent to Equation (4). This indicates that 


the electrical conductivity 


Kh 
te even though A 


In order 


7. must be proportional everywhere 
and fh may vary from point to point 


The effective electrical conductivity. ¢, 
be varied by changing the depth. h.. 


~o that 


n the x, y, plane may 


of the electrolyte laver 


(6) 
vhere 
specific conductivity of the electrolyte 
h depth of electrolyte layer 
we find then that 
Kh 
( 
where € is a model seale factor 


Equation (7) can be simplified further for the water en- 


croachment problem since it can be assumed that the sand 


thickness remains constant, or 


K 
hes rete errr ee” 
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K or pressure distribution and or streamline distribution for 

each successive advance of the interface. Some powerful nu 

} aia Pecgnenin merical methods have been developed for finding solutions of 

A ip measane LLecTRoot ~~. , La Place’s equation. A’? = 0. The elegance of such numerical 
: = t , ~~ a schemes is that the desired solutions are obtained in the form 
A ‘© A of numerical values of the function at a preassigned network 
of points covering the entire field where the differential equa 

y tion is valid. Considerable progress has been made in recent 

l at AI vears in applying numerical methods to practical problems. 


An extensive volume has been written by Southwell on this 
subject. The specific method of interest involves replacement 
Fran View of the partial differential equation A*P = 0 by a correspond- 
ing difference equation. followed by numerical treatment of the 
difference equation 

Consider a potential field that is divided into a rectangular 


fiecraoo’es ~ J 


(Meecraccrre network, as in Fig. 11 





The La Placian equation 0 can be approx 
1 ry 








mated by finite diflerence equations 
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FIG. 9 — INITIAL POTENTIOMETRIC MODEL Similar! 
b 6. + %..,-20 
= (12) 
The requirement of geometrical similarity of voltage and } (Ay) 
pressure distribution will be insured if the electrolyte depth } 
rv and y must be small fer good approximation. For 
h is everywhere proportional to This concept can now s mplicits consider i square grid spacing where As Ay 
he applied to the specific water drive problem where th 
(Ku), 
mobility ratio MV 10. The electrolytic model ini 
(A wu) Me — kAln (h a gn 
tially has a uniform electrolyte depth of say 0.40 in. as shown OBNITY RATIO = (yyig* lhelo * 54" *'0 
in Fig. 9. The initial streamline and potential fields must b 
determined for this set-up and the interface advanced by imsecTion ELECTRODE 
standard procedures to the position illustrated in Fig. 10. The om Z 
| Warer Zone 
interface was advanced to this position by integrating time. ¢, ar Pmeaucveans 
‘“ ons 
along each streamline such that | fLecrRooEe 
4 On -Warer INTERFACE A 
| 











The incremental time, A ¢. representing the time for a particle <2 |,» 
of fluid to travel a short distance AS. Each particle on the oil _ 
water interface can then be advanced a short distance AS Le aa? sl 
for some fixed time unit. Af 
The interface for the first advance is shown in Fig. 10. Be Pian View 


fore advancing the interface again the condition (A) 4#), 

10(K/«), must be approximated, which means (h,). 

10(hA,),.. This condition is shown in Fig. 10 where the electro 

lyte depth (h,), for the oil zone is 0.40 in. and the depth = Zecreooe 
(h.) 


to get the successive advances of the interface that are illus 


4.0" 


fi ecrrooe 





for the water zone is 4.0. This same process is repeated , ee 








re theJo= 0.4" 


trated in Figs. 3 and 4 









This technique of integrating time along a streamline for a 





short distance ahead of the interface is slightly different from ~ << 
the method involving successive corrections: however, the net i hy \\ 








= advanced by very 


result will be the same if the interface 


small increments 
Section A-A 


Methods of Numerical Calculations thelo - DEPTH OF ELECTROLYTE IN 0/4 20NE 


Aely ~ DEPTH OF ELECTROLYTE iN WATER ZONE 
The most difficult step in caleulating solutions of the type 
described earlier in this paper is to determine the potential — 1G, 19—POTENTIOMETRIC MODEL ALTERED FOR CHANG:NG OIL ZONE 
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The finite difference approximation of A’ = 0 at the typical 


vy, plane will be 
oe oe 
CG) 


o.+¢4 I 


point, mn in the x, 


0 (A?) 


(13) 
(Ax) 
The finite difference approximation of La Place’s equation 


must be 
(14) 


Or 
(15) 


\ simple physical interpretation would be that the value 
of ®, is approximated as being the arithmetic mean of its four 
nearest neighbors as shown in Fig. 11. 
one must write out Equation (15) for each 
y plane. There will be obtained a set of 


To solve for #,. 
mesh point in the x, 
/ linear algebraic equations for the / mesh points from which 
+ is to be determined. This set of / equations may be evalu 
ated by the usual rules of algebra. In a practical case wher 
there necessarily must be a large number of mesh points. the 
direct solution of Equation (15) would be tedious and labori 
ous for practical use, so approximation methods have been 
developed for obtaining the desired result without treating 
Equation (15) explicitly as a difference equation. 

Perhaps the most convenient of these approximation tech 
niques is the so-called “iteration method.” The advantage of 
this method for solutions of A®*# = 0 is that it is simple to 
carry out regardless of the shape of the boundary. Also, it has 
been proved that the iteration process will always converge 
to the solution of the differential equation for very small 
This method will always work provided values 

Ce 
of the function, or its normal gradient, —, is specified at 
en 


increments.” 


every point on the boundary. 

The numerical results given in Figs. 4 through 9 were deter 
mined by this iterative however, the bulk of the 
computations were performed on IBM punch card machines 
The chief advantages claimed for the punched card method 
are the speed with which the results can be obtained and the 


process: 


fully automatic procedure. 

No rigorous attempt is made to justify the approximations 
introduced for both the potentiometric and numeric methods 
First of all there are the approximations that are common te 
both methods or any other method that follows the basic pro 
cedure outlined above in this paper. Then, there are some 
approximations introduced that are associated only with the 
potentiometric method, and others that are associated only 
with the numeric method. 

For instance, the potentiometric results are somewhat in 
error because of contact resistance, “three dimensional effect’ 
at the abrupt change in electrolyte depth. and others. A dif 
ferent set of errors is introduced into the numerical calcula 
tions. The main difficulty in numerical work is the impracti 
cability of greatly reducing the network spacing. Yet. small 
network spacing in the neighborhood of the interface is man 
datory for accurate results. 


It is pertinent to emphasize the manner in which the nu 
merical and model solutions in this paper are tied to a known 
solution for the purpose of comparison. First, the numerical 
and model solutions were both checked against the analytical 
solution known for the mobility ratio of one to one. Then both 


numerical and model methods were used for the ratio 10 


Vol. 195, 1952 


T.P. 3221 




















i 


FIG. 11 — POTENTIAL FIELD DIVIDED INTO RECTANGULAR NETWORK. 
with reasonably good comparison. It was then deemed safe 
the ratio 0.1. 

One source of error that is common to both potentiometric 
and that in all studies the interface was 
advanced to breakthrough in nine steps. It is possible that a 
considerably larger number of steps should be taken. 

More model work of this nature is in progress and will be 


to use the model alone for 


numeric studies is 


presented at some later date. 


CONCLUSIONS 


The results described in this paper clearly indicate that the 
sweep efhiciency is very much dependent upon the mobility 
(K/1)~ 
(Ku) 
per cent, and 86.6 per cent for mobility ratios of 10, 1. and 0.1 


ratio M These efficiencies are 61.0 per cent. 70.8 


respectively for the systems studied. This illustrates that the 
value ot can 25 per cent for the 
change in mobility ratio from 10 to 0.1. Stated in other terms, 
the amount of oil recovered at breakthrough by water displace- 


sweep efficiency vary by 


ment is about 42 per cent greater where the mobility ratio is 
0.1 as compared to the case where it is 10. 

Such large changes in pattern sweep efficiencies indicate 
that the effects of mobility ratio variations should be consid- 
future analyses where careful economic 


ered in reservoir 


studies are desired 

Emphasis is placed on the fact that the values of sweep 
necessarily 
practice. but are only of the 
ratio on an idealized system. In these 


be ob- 
relative 


efficiency reported here are not those to 


tained in indicative 
effec ts of 


studies no evaluation of the influence of variations of horizontal 


the mobility 


and vertical permeability upon sweep efficiencies was made, 
and only one well-spacing arrangement has been considered. 
When the effects of variables as these are known and 
included in the determination of sub- 
stantially different values for over-all recovery efficiencies may 


-ue h 
recovery efficiencies. 


result 
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NOMENCLATURE 


K_ permeability in dareys 
uw Viscosity in centipotses 


(K/s)-« 
(A wu) 


mobility ratio of water to oil 


injection to a row otf 


the 


hb distance from a row of 


producing wells (inches, in potentiometrit 
studies} 

a_ distance between neighboring producing or injec- 
tion wells (inches, in the potentiometric studies) 


t time in seconds 


Ss closed surfaces 
l macroscopi velocity vector 
® velocity potential 

i vector current density 

o electrical conductivity 

A sand thickness 

( model seale factor 

} electrical voltage 

i rT 


A Nabla A 
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DISCUSSION 


By M. Prats, Shell Oil Co., Houston, Tex. 


Aronofsky uses the close agreement between sweep eth- 
ciencies for the single fluid case obtained by numerical and 


potentiometric methods and the sweep efficiency obtained from 
Muskat’s analytical solution “as a check on the numeric and 
This. check on 


point of the production history, while the shape of the swept- 


potentiometric methods.” in effect, is a one 


out areas at water breakthrough do not indicate close agree- 
ment of production histories at later times. especially for the 
ratio is 10 


case where the mobility 


Although the following is (to some extent) a matter of 
opinion, | believe that, for a method of advancing frents not 


involving successive corrections, the size of the steps taken is 
too large. The results of the study of the effect of the magni- 
tude of size of steps on sweep efhiciency determination may be 


highly misleading. since this study was carried out in the 
region where such effects would be small. If the study had 


been done in the neighborhood of the producing well. the 
results might have been startling 


The last remark arises from my experience doing similar 


work. Using a mobility ratio of 10 and a total electrolyte 
depth of one in.. | found (from graphical measurements) that 
the refraction condition failed to be satisfied by +20 pet 


cent. | would expect that for a total electrolyte depth of four 
in. the effects of the third dimension would be even more pro- 
How met at the 


4 


nounced well was the refraction condition 
interlaces 

There is always room for improvements in any method based 
on approximations. Regardless of this, Aronofsky has well 
succeeded in simply and effectively showing the importance of 


the mobility ratio on flooding efficiencies. 


DISCUSSION 


Dyes, The Atlantic Refining Co., Dallas, Tex., 


1/ME 


By A.B 
Vember 


The importance of the effect of mobility of the phases on 
flood pattern efficiency and the consideration which must be 
given this factor in planning an injection operation cannot be 
overemphasized. We feel that the author has done a fine job, 
but should not do himself an injustice by limiting his subject 
to water encroachment. The analytical and experimental pro- 
cedures which are used in studying the influence of the 
mobility of the phases on sweepout pattern efficiency apply 
equally well to gas injection operations. During the past year, 
some of us in The Atlantic Refining Co. have been involved 
in an investigation into the effect of this variable on the pat- 
flood. This study not 
completed the procedures employed and 
the final results will not be reported on until a later 
we would like to make a preliminary report of the 


tern efhiciency of a five-spot has been 
and consequently 
time. 
Howe ver 
results that have been obtained on a five-spot flood to supple- 
ment that reported by Aronofsky on the line drive. 

In analyzing the results of this study. the mobility of 
phases ahead of the displacing front to that behind the front 
has been called the This is the definition used 
by Muskat in a previous public ation. The selection of the 
mobility to be used as numerator and this 
ratio is arbitrary and this ratio could just as well be defined 
is the ratio of the mobility behind the displacing front to that 
ahead of the displacing front as used by the author of the 


preceding paper. We would like to urge the adoption of some 
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FIG. 1.A — EFFECT OF MOBILITY RATIO ON SWEEPOUT EFFICIENCY OF 
FIVE-SPOT FLOOD. 


standard definition of this mobility ratio as related to flood 
pattern eficiency. Our preference is for the definition as used 
by Muskat and which has previously appeared in the litera 


ture. 


In a given reservoir the mobility of the system must neces 
sarily involve the mobility of each phase flowing. In a system 
of multiphase flow the mobility would be represented by the 
summation of the relative permeability-viscosity ratio of each 
phase. It is desirable to show the mobility ratio in a form 
applicable to multiphase flow problems. The reason for this 
is that the application of relative permeability data to the 
displacement of oil by water or gas indicates that in general 
two phases will be flowing in a portion of the reservoir behind 
the front, and in flooding operations of a reservoir depleted 
by solution gas drive two phases will be flowing in some por 
tions ahead of the injected front. 


The results which we have obtained showing the effect of 
the mobility ratio on flood pattern efficiency of a five-spot, con 
sidering that the specific permeability is constant throughout 
the system and that lengths on all sides of the five-spot are 
equal, are presented in Fig. 1-A. This figure shows that a 
mobility ratio equal to one yields a pattern efficiency of 71 
per cent. This is in agreement with the values reported by 
Muskat, 71 per cent by calculation and about 73 per cent for 
potentiometric studies. As we increase the mobility ahead of 
the injected front with respect to that behind the front, we 
find that the flood pattern efficiency at breakthrough increase 
and approaches 100 per cent at a mobility ratio of four. For 
higher mobility ratios, the pattern efficiency is considered to 
be essentially 100 per cent. Conventional water flooding would 
generally fall in the region of 70 per cent to 100 per cent 
pattern efficiency at breakthrough for the system considered 
here. On_ the 
generally result in 


conventional gas injection would 
than 1.0 


sweep-out efficiencies of only 55 to 70 per cent are indicated 


hand, 
mobility 


other 


ratios less and lower 
At present the lower section of this curve below a mobility 
ratio of 1.0 has been defined by only one point. Consequent! 
this section may be subject to some revision as this point is 


checked and other points obtained. 


Aronofsky for the 
line drive to these for a five-spot shows that changes in the 


Comparison of the results obtained by 


mobility ratio result in a smaller change in the percentage 
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weepout efficiency at breakthrough for the line drive than for 
a five-spot. This might be expected from the difference in the 
geometry of the two systems. For the mobility ahead of the 
displacing front to that behind the front of 0.1. the line drive 
gives 61 per cent compared to 54 for the five-spet; each yields 
71 per cent efficiency At a ratio of 
10 the line drive attains 87 per cent compared to 100 for the 


at a mobility ratio of one. 
five-spot. 

We must emphasize that the sweepout efficiencies reported 
are those at first breakthrough of the injected fluid. The pos- 
sibility that we can exercise some control on the mobility ratio 
to change breakthrough recovery, points to a need for an accu- 
rate determination of the performance of a reservoir in the 
period after breakthrough whenever the sweep efficiency is 
less than 100 per cent. A thorough economic analysis of both 
phases of production will be required in justifying the addi- 
tional expense that may be necessary to bring about changes 


in the mobility ratio. 


AUTHOR'S REPLY TO MESSRS. PRATS AND DYES 


Prats mentions that he did not have success in conducting 
a similar model experiment for mobility ratio of 10. He used 
a total electrolyte depth of one in, which means that the 
shallow depth was 0.1 in. Prats states that the refraction con- 
dition failed to be satisfied by +20 per cent in his experiment. 
Our own experience with this problem is that the shallow 
depth ef electrolyte should be larger than at least one quarter 
reliable results. The inaccuracies in con- 
electrolyte 


in. in order to get 
structing the model and non-uniformity of the 
layer becomes critical for shallow depths in the range of 0.1 
in. and this could account for a large portion of his £20 per 
cent error. Certainly Prats is aware that the distortion of 
streamlines in the third dimension depends almost entirely on 
the ratio of depths of electrolyte and not on absolute magni- 
tude, so there is some question as to the exact nature of the 
errors he is referring to 

Of course it is recognized that there must be some errors 
introduced by distortion of streamlines in the third dimension 
due to the abrupt change in electrolyte depth which repre- 
sents the interface. Nevertheless these slightly distorted stream- 
lines must still approximately obey the refraction condition, 
<o it is possible to obtain useful information by making com- 
parative studies of model experiments. There are several 
experimental techniques available that one could use to mini- 
mize the so-called “three dimensional effect” but such second 
order errors were neglected in this initial study. 

Prats points out that it would be better if the interface was 
advanced by a larger number of steps in order to decrease 


the size of each step. The author would like to emphasize the 


importance of this observation. Perhaps, after more experi- 
ence is gained, we will be able to correlate some relationship 


between errors in sweep efficiency and size of incremental 
advances of the interface 

Although Dyes is correct in pointing out that the procedures 
described in this paper for water-flooding are also valid for 
gas injection operations, the actual results presented in the 
text may or may not be applicable. There is some question 
Dyes is 
or displacement of gas by gas. 
ever. that one of the fundamental assumptions involved in the 
calculations presented in the paper is that a discrete interface 
exists which is characterized by a discontinuity in the mobility 


both of the above dis- 


referring to displacement of liquid by gas 
It should be remembered, how- 


whethe r 


ratio. If this assumption ts valid for 
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placement mechanisms (and we question the assumptions for 
at least the first mechanism) then the basic method described 
in this paper would be applicable with certain modifications 
Such modifications are required by the fact that the voltage 
and current in the electrical system represent different: prop 
erties in the gas injection case than in the water-flood case. 
Specifically, for example, in the case of gas cycling (isother 


mal flow) the voltage should represent mass gas flow (or 
volume gas flow under standard conditions}. 
of liquid displacement by injected gas, still further complica 


tions arise which make it difficult to represent the system by 


In the other case 


a suitable model 

It does seem desirable that the 
standardized. Admittedly Muskat 
mobility ratio to be the mobility of the fluid ahead of the dis 


term mobility ratio be 


previously used the term 
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placing front to that behind the front: whereas in this paper 


mobility ratio is defined as the reciprocal to that 


Muskat 


the term 
defined by 

The author will not to discuss the results of the 
five-spot tests presented by Dyes since it would be preferable 


attempt 


until the method is disclosed by which these results 


The author has also studied the five-spot pat- 


to wait 
were obtained 


tern by the potentiometric model method and these results 


will be presented at some later date. 


The comments by Prats and Dyes are certainly appreciated. 


It is most gratifying to find out that other workers are con- 


As more information becomes 


centrating on these problems 
available perhaps the answers to the questions suggested by 
: 2 @ 


the discussers will be forthcoming 
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A Business Manager 


In late November and early Decem 
ber a considerable portion of our time 
was devoted to securing a busines 
Institute 
The advisability of creating such a 


manager for headquarters. 
position was suggested in 1949 in the 
report of the Johnson committee. In 
that vear. however. the Institute had a 
deficit of $72,000 so every effort) wa- 
made to minimize expense. At that time. 
most of the duties that would normally 
he assumed by a business manager 
were given to Newell Appleton who be- 
came office manager. convention man- 
ager. purchasing agent. and assistant 
to the secretary. So many responsibili- 
ties were his that he could not devote 
the necessary time to all of the many 
things that needed attention. H. H. 
\asoll. representing a firm that made 
a study of Institute head office proce- 
dures early last fall (JPT. Dee.. 1951). 
therefore made a recommendation that 
“a business manager and controller 
from outside the present organization” 
he secured. who would supervise the 
work of the accounting. addressograph. 
purchasing. book and journal orders. 
filing. and mailing departments. He fur 
ther recommended that Mr. Appleton be 
made administrative secretary. in which 
position he would act as head of an 
“Institute Activities Department.” He 
would devote his time to convention 
planning, meeting arrangements. travel 
accommodations. membership control 
and promotion. and public relations 
ind would assist the secretary on special 
problems. Thus Mr. Appleton retains 
~ome of his former responsibilities and 
will take more of the load off our 
shoulders in the conduct of affairs at 
Institute headquarters. The rest of Ins 
former work will be in the province of 
the newly created “Business Offiae De 
partment.” 

Peter J. 
lected for the post of business man- 


ager. He is a young man of 32, a na 


Apol is the man finally se 


tive of Michigan and a graduate of the 
University of Michigan where he re- 
ceived a BS degree in business admin- 
istration in 1940. He then spent three 
vears in the Navy and has the rank of 
lieutenant in the UL. S. Naval Reserve. 
Three more years were spent in’ the 
U.S. Maritime Service, as chief purser. 
and another vear as chief paymaster for 
the Pope and Talbot Steamship Co, The 
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as followed by EDWARD H. ROBIE 


Secretary AIME 





last four vears have been spent as hea: 


of the Greenland Construction 


Greenland. N. H 


building construction 


chiefly engaged im 


Apol will endeaver to increase the 


eficiency of Institute headquarters 


operations and remove all possible 


causes for complaints of individual 


members. He will co-ordinate as seem- 
advisable the work of various de part 
ments and install such modern busines- 
office machinery as seems applicable to 


our needs. 
Behind the Iron Curtain 
AIME wa- well 


represented in Russia. with beth Amer 


Time was when the 


ican and Russian engineers. Twenty 


vears ago we had 57 members there 
Now we have but one and he does not 
receive a journal 

In satellite countries the climate ha 
been equally inclement. An application 
for membership from a man in Hun 
gary was recently held up for some 
time because of lack of endorsers. Our 
only member in that country was a 
Mr. Simon Papp. and the 


wrote that he was too ill even to be 


applicant 


seen by members of his own family 
This rather sounded like jail to us 
Our suspicions were confirmed by an 
article in the Oct Saturday kvenin 
Post reading in part as follows 

“The Hungarian American Oil Co 
known as MAORT because of its ini 
tials in Hungarian. was a subsidiary o 
the Standard Oil Coe. (CN... Paul 
Ruedemann (AIMEE member} ind 
Leorge Bannantine its American u 
pervisors, had been arrested and forced 
te confess to ‘sabotage’ that they had 
net committed, The had been de ported 
without trial. after five days in prison 
and MAORT had been expropriated 
without compensation on the basis of 


MAORT’s gen 


their “confessions 
eral manager. the aged Simon Papp 
had subsequently been <entenced to 


life imprisonment 


The Difference 

Speaking of Russia. we like the story 
related by a recent applicant for AIME 
membership now doing a fine job in 
this country following some unpleasant 
vears in eastern Europe. An interna 
tional group Was investigating indus 
trial conditions in various countries. In 
the USSR they visited a factory which 


they were assured was entirely owned 
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» the workers. Seeing a couple of 
tutomobiles out front. they asked who 
owned those. “Oh, those belong to the 
directors.” they were told. Later, visit 
ng a factory in this country, they in- 
quired as to its ownership. and were 
nformed it was owned by capitalists 
“And what about those hundreds of 
ears parked outside?” “Those are all 
»wwned by the workers.” 


Irritating Our Best Friends 


Though relations between the USA 
ind Canada are entirely friendly, and 
irmed conflict: between the two coun 
tries is unthinkable, one of the editors 
of Canada’s Maclean’s Magazine re 
cently told a New York Retarv Club 
audience that we do irritate each other. 
For instance, he said that many on this 
side feel that Canada isn’t pulling its 
weight in the military effort generally 
and in the Korean war in particular. 
The real reason. he said. is that there 
is a limit to the force vou can raise 
without conscription, and Canada does 
not have conseription. If Canada were 
in danger he indicated that conscription 
would probably he instituted. This 


strikes us as being a sane policy. 
On the other hand. Canada is im 
patient with the mistrust that has de 


veloped in’ the United 


Mates over 
\merican fore ign polic ‘. They are 
tfraid that we are going to drag them 
into a war. A second reason for Can 
idian anti-Americanism is that our dif 
ferences at home undermine foreign 
confidence in American leadership. “In 
Canada we tend to get a picture of 
\merican policy as a catalog of calam 
ity and meptitude, conceived by men 
of no imagination and executed by men 
of no competence. We get the impres 
sion that that’s what Americans think 
of their own government. and it is 
hardly surprising that some of us con- 
clude that Americans ought to know.” 

Professionally, however. among min- 
ing men certainly, mutual respect and 
conhdence are complete and the inter 
national boundary is unnoticed. Ameri 
cans whe go to the annual meeting of 
the Canadian Institute in Ottawa Janu 
ary 21-23 will be just as hospitably re 
ceived as at their own meetings, and 
we hope to welcome equally as gra- 
ciously the Canadian contingent who 
will be with us in New York February 
18-21 “et 
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start. event Ils trig on ! pressure to the extent that the flowing 
E&perienced petrographer and setsn basis. Location. New York. N.Y. Y594 yottom hole pressure is raised instead of 
terpreter. Desires position as sube @ \ principal New York City bank owered. This tends to reduce the dif 
- geologist with majo — establishment is seeking ruduate ferential between reservoir pressure d 
il | pr ire and 
M65; petroleum geology. preferably one witl flowing bottum hole pressure, thereby 
@ Petroleur engimeer wit five ne everal years” experience n the hetd reducing the quantity of fluid flowing 
ne-half vears experience in reservei ind with seme practice estimatio nto the well] hore x *« * 
ngineering. drilling. production, and nd valuation of oil and gas reserves 
workover operations desires employment This position offers experience e's o Bas 
—_ sa Fact — 
with progressive independent as drilling ind gas research -tudies and propert 
ind production engineer. Presently em ippraisals as well as the correlative lotal income of all Americans earn 
ploved with major oil company in Gull idvantage of experience in the field of ng more than $6,000. after payment 
Coast, thirty vears of age. and non financing and the financial aspects of { federal income taxes, amounts te 
reservist. Prefer employment in Louisi the petroleum industry. Financial sta $6.5 billion. That is less than the 
ina-Texas Gulf Coast or Fast Texa bility and probability of advancemer amount authorized tor foreign aid last 
Code 159 ire excellent. Code 537 ear 





Proposed for Membership, Petroleum Branch 



























Total AIME membership on Nov. 30, 1951, was Los Angeles — Downey, Charles E., J J Dallas Hawkir Murphy E. (C/S-S-J 
7405; in addition 2,079 Student Associates ( S-S-J); Johnston, Eli th J M Meyer, L. .« M) (R.C S-J-M) 
ere enrolled n ¢ uke, Lee A. iJ Fort Worth — Moreland, Leonard G., J 
ADMISSIONS COMMITTEE n Francisco Weber, John G. iJ R.¢ Cc. S8-S-J 
Thomas G. Moore, Chairman; Carroll A. Go S-J) Houston Buell, Vincent F. (M); Gollnich 
ner, Vice-Chairman; George 8. Corless, F Taft Aseltine, Richard J J C S-S-J Robert I M): Hiam, Edwin W. (J); Hor 
Hanson, Albert J. Phillips, Lloyd C. Gibson, R. O Whittier — Hart. Francis I. (C S-S-d Wilbur B. (C/S-J3-M) : 
Mollison, John T. Sherman. Alternates, A. ¢ KANSAS Kilgore —— Sole, William G., Jr. (J) (R,C/S 
Brinker, H. W. Hitzrot, Plato Maloremoff, tvar Great Bend ¢ ns, Ora C., J ( J) 
Given, T. D. Jones, W. A. Clark, Jr Liberal —- Godfrey, George W. 1A McAllen — Gracey, Joe P. iJ) 
Institute members are urged to review this list LOUISIANA Midland Johnstor Da id (M) i re 
18 soon as the issue is received and immediately Pt. Sulphur — a Odessa — Kirkpatrick, Richard P. (RCS 
o wire the Secretary's office, night message col S.J Rodmat » (C/S ; 
ect, if objection is offered to the admission of Lafavett« Som | k 3.J-M Olney — Jordar E. | ae 
wr-lie nt. Details of the objection should Yount. Gerd T.. Se. (3) Wichita Falls tt, Le G. (J) 
follow by air mail. The Institute desires to ex New Orleans __ Terre Timothy H. (M) (I WYOMING 
tend privileges, but does not desire to admit per C/S-J-M): Pric Frank O.. J J mn Calpet Arnold, Donald Ray (C/S-S-J) 
sons unless they are qualified. Objections on man. Robert BM. (3) Casper Bischotf, Robert M. (M) (C/S-J 
applications should be received on the 15th of Metairie Vice, Wi m B., J J M puncich, John G. (M) P 
the month following publication in PETROLEUM Pointe Ala Hache — ly. William ¢ Newcas k Coxon, Donald A. (J) (CS-5 . 
"a oan -) MISSISSIPPI s 
n e following list C/S means change of Washi M \ : Rock Springs Kratka, Frar H ( J 
status; R, reinstatement; M, membe J. Junio ashington None \ r - 
Member; A, Associate Member; S, Student Asso OKLAHOMA ALASKA 
ote; F, Junior Foreign Affiliate eS ek ek Jackson —- Winter, Claude V. (J) (C/S-S-J 
-y Is MeCormi Joseph ¢ M f eo — : 
\RKANSAS TEXAS SAUDL ARABIA 
El Dora ‘ he Rud « . Dhahran Hiestar ‘ I J) (CSS 
' Alice Bozema } J J , 
Alvin Cla Jian I M C /S-J-M . 
CALIFORNIA Austin — Alani, Ghalib H. (J) (C S-S TURKEY 
Brea Kruecer. R i} M Bellaire Melsheim A the H. iM Ankera Ca Ahmet ¢ C/S-J-M 
Hentineten Park Seluna Jar j Clarkwoot Adan I i} VENEZUELA 
La Jolla Barba H i ( Corpus Christi Mcé ‘ M Barcelona Holme Joseph A J) 
J) W n. Harold M Caracas —- | rt, Gene S. (J). &® & ® 
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Technical Publications 
Committee Installed 


AIME Technical 
which took of- 
on Oct. 15 


Personnel of the 
Publications Committee. 
fice for the ensuing vear 
follows: 

J. |. Laudermilk. chairman: Charle- 
H. Lambur and Vinton H. Clarke. vice- 
chairmen: E. J. Kennedy. Jr.. 
tarv: Robert H. Aborn, J. R. Atkinson. 
W. H. Callahan. Charles W. Eichredt. 
Francis B. Folev, E. V. Gent. M. B. 
Gentry. M. D. Hassialis, W. H. Loer- 
Robert D. Karl W. 
Palmer. J. S. Smart. Jr. with Joe B. 
Alford, John Beall. E. @& Kirkendall. 
R. E. O'Brien and FE. H. Robie member- 
ex officio. 


secre 


pabel. Nininger. 


This committee relies to a large ex- 
Auxiliary Publica- 
tions Committees for its action on the 


tent on Divisional 


acceptance or rejection of papers, but 
considers matters of policy. and budg- 


etary limitations. ~ * * 


Nominating Committee 


{dditions Named 


Certain additions to the personnel ot 
AIME 


Officers in 1953 were approved at the 


the Nominating Committee for 


Dec. 5 meeting of the Executive and 
Finance Committees. Proposed by the 
executive committee of the Council of 
Section Delegates: VM. Gensamer, School 
of Mines. Columbia University, New 
York 27. N. ¥. (with Max Ball, 1025 
Vermont Ave., Washington 5, D. C.. as 
ilternate.) Alternate from the Southern 
California Section: Basil Kantzer, Un- 
ion Oil Co. of California, 617 W. 7th 
St.. Los Angeles 14. These names 
hould be added to the list published 
in the December issue = 


AIME to Welcome 32 
To Its Legion of Honor 


Thirty-two members of the Institute 
who have been on the rolls for 50 vears 
will be honored next month when thes 
ire added to the 
Honor, and 


Institute's Legion of 
receive a gold pinoem 
distinetion. Each is in 
ad table at the 

\IME 


18-2] te receive the honor 


blematic of the 
ited to sit at the he 
Annual Banquet of the 
Meeting Feb 
this is impossible it will be 
The list of those 
joined — the 


Annual 


but where 
individually bestowed 
believed still 
AIME in 1902 follows: Lawrence Ad 
dicks. H. A. Barker. W. S. Boyd. 

mour K. Bradford. Davenport 
Russell T. Cornell. H. E. Crawford, 
Augustus B \ugustus H. Fus 


living whe 


> 
Brown 


I mers 


January, 1952 


tis. Fredrie A. Eust bleim 


ing. Fernando C. | Jameson 


|. B. Landfield. Alexander ggat. John 


H. Lidgerwood 

Also. Lesley MeCreath. D. 1. Miller 
Henry C. Morris. Edwin L. Oliver. Rob 
ert W. Pringle. A. L. J. Queneau, Mil 
nor Roberts. Will Russell. Reno H 
Sales. Hoval Arnold Smith, Howard D 
Smith. A. D. Sproat. H. H. Utley. Eth 
eredge Walker. \ Whitney and I 


Webster Wickes *~ * * 


Sudlt for FRACTURING 





LARKIN 04 Batter 


“modified” 


Upside-Down PACKER 


The Modified Upside Down Packer, C-104, has 
been tested and approved for use in confining 
high pressures in your wells. It is used by oper- 
ators to increase oil and gas production by frac- 
turing the formation and lifting the over-burden. 


Once the Packer is set further pressure through 
the tubing serves only to tighten the Packer 
more. Because of this feature it is ideal for use 
when applying pressures INTO the well for 
fracturing — for acidizing — for gell or plastic 
shut-off or for confining water pressures in 
Secondary Recovery operations. 


An added feature of this Packer is that it removes 
easily two ways. Write for further information. 


“SERVING the INDUSTRY since 1878” 





Texas A&I College 
Chapter Authorized 


\ new Student Chapter of the AIME 
vas authorized by the Board at its Dec 
meeting at the Texas College ot 
(rts and Industries. Kingsville, Texas 
The group 


is interested in petroleum 
ind natural gas engineering, and the 
eurric ul im has been ace redited by En 
weil for Professional Devel 

x * * 


sineers Co 


opment 





LARKIN & COMPANY, INC. + BUTLER, PENNSYLVANIA 
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Personals 





Lesur G 


of the recently ope 





located in t 


years, 
Dallas 


on Tower in ¢ orp 


Noman \ 
The Texas Co 


s. ANTHONY STA 
leum Co... has bee 


Ardmore, Okla. to 


Bexngamin R 
the Stanolind Oj ar 


land. Tex 


oun AL Mee ve 
position with White 
Ltd... Calgary. Albe 


Roy EL Sy nh 
fuction engineer of 
‘sas Co. replacing 
low chiel engi 
nee preducing 
department. Smith 
Stanelind 
1934. im 


mediately after re 


joined 


n June : 


ceivirig his BS ce 
gree in petroleum 
engineering trom 
the University of 
Tulsa. He served 
ws field 


Fexas. In 


engineer 
L943. he 
Cen 


Smith 


vineer of the 
1949 


nage! 
manage ol 


lune. 
to the 
partment 
Mid-Continent 


- SECTI 





OOLANSEN 


PreakMAN has 


He is a past chairman « 


Section al 


Cakketu is now in charge 


ned Corpus Christi 
lex.. ofhee of I 
KR. Carter and Co 
ad valoren tun 
consultants for in 
dependent oil pro 


ducer= and = rehin 


ers. A petroleun 
enginee! C.arrutl 
has been associ 


ated with the firn 
for the past twe 


he central offee in 


His new address is in the Wil 


ws Christ 


+ 


is few will 


West Columbia. Tes 


+ 


NIN, Phillips Petre 
n transterred fret 


Bismarek. NV. D 


— 


jolned 


id Gas Co. at Level 


+ 


HIN has accepted 
‘hall Canadian Oj 


+ 


ix become chiet pre 
Stanelind Oil and 


Lewis Fincu, Jr 





inh Various areas ! 
became division el 
tral Division. Since 
has been assistant 


the producing de 
the 


\IMI 


ON 2 





kicent 
with the Rvan Conselidated Petroleun 


Corp.. Dallas 


+ 


JxcX D. Semaren has joined , 
ver and MaeNaughton. Dallas. He hac 
been with The Atlantic Refining Co 


Midland. Tex 
+ 


Giexn R. Horros, geologist. is now 
with the Sinelair Oil and Gas Co.. Ca- 
per, Wye 


+ 


koean bo Eny has accepted a po- 


tion as junior petroleum engineer 


Bishop Tex 


— 


Bronte is a 


e Chicago Corp 


Rosext F well teste 


for the Gulf Oil Corp.. Baytown, Tex 


> 


Porovicn has become 


Mictiane J 


with thre 


Faster! 


sociated 
Texas 
Transmissior 
Corp. in Shreve 
port La. Formerly 
an engineer with 
Sohio Petroleur 
Co. in Oklahom 
Okla.. Pope 


vich served 


Cats 
as sex 
etary-treasurelr 

the Oklahoma 


or the past vear 


City 


Section of 


+ 


Rosert Sikce.. Soceny-Vacuum O 
luo In New York. is now with the 
Secony-Vacuum Overseas Supply Co 


Fert Lee. No J 


+ 


Warren Gaaxvit vp has be 
ated with the U.S. Geological S 


Topographic Diy Denver. Col 


+ 


Hexny J. SHERMAN is now emploves 
is a geologist for the Schermerher 
Oil Corp... Tulsa 

A 
FrepentcK Larsen ha oined 


California Co. Rangely. Colo 
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LirsvATE is now a geologist 


AIME 


THomas C. Frick has been 


ferred to Corpus Christi. 


tran- 
Tex.. as «ou 


erdinating mana 






j ~~ * ger of the Atlantis 
Refining Coos new 
regional office 

- there. A. graduate 


-tafl 


member of the 


ind former 


University of Tul 


sa I rick has been 
=| with Atlantic since 
“ 1941. Entering the 


as job analyst. he 


Ge i 


companys became di- 


triet superintendent in East Texas it 
19th In 1947 he went to Odessa. Tex 
is district superintendent. Since 1949 


he has been loeated in 


Midland as di 


sion operations supervisor in charge 


of drilling. producing. engineering and 
material activities for the company 
West Texas ind New Mexico 


+ 


\npkewW H. Carpenter, formerly en 
vineer with the production dept., Citie- 
Service Oil Co,, Oil Hill, Kansas. i- 
with the Phillips Petroleum Co 


tig Spring Tex 


now 


+ 


L. Courtney Dees is 
lent. Cvprus Oil Co.. Los 


vice-pre- 


Angeles 


+}. 


Hexny ©. Apavit has been appointes 
hief petroleum engineer for the Long 
Beach Oil 


Development Co. He h 


production engineer 


-}. 


Gorvon KR formerly wit 
Cable and Stine. has opened his ofhes 


n Wichita Falls, Tex 


of petroleum engineering 


STINE, 


for the general 


practice 


> 
Cuarces H. BLANKENHORN, JR. I 
ow with the Sunray Oil Corp Snvder 
Pex 
4. 
lames W. Bower has joined the 


ocony-V acuun Oil Co In New 


be 


JouN A. Jones is new employed b 


Rea Drilling Co. Mt. Vernor 


he Slin 
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Committees Named 
For Annual Meeting 


The 1952 Annual Meeting of the 
AIME will be held in New York City 
Feb. 18-21. The Petroleum Branch pro- 
eram and abstracts of papers to be 
ziven may be found on Page 22. See- 
tion 1. Members of the various com- 
mittees now functioning in the setting 
p of the four-day Institute-wide meet 


ire listed below. 


ARRANGEMENTS 


Francis Cameron. Chairman 


RECEPTION 
Philip D. Wilson, Chatrmar 
Howland Bancroft 
fohn G. Baragwanath 
Lester FE. Grant 


BANQUET 
\L. B. Gentry. Chairman 
Louis C. Raymond, Vice-Chairman 
Mrs. Domingo Moreno 
Mrs. Thorne E. Llovd 
Parke A. Hodges 
Ernest V. Gent 
Frank G. Breyer 
I red W. Hanson 
J}. R. Atkinson 
W. A. Clark, Jr 


DINNER-SMOKER 
Louis C. Raymond, Chairman 
Maxwell L. McCormack, Vice-Chairman 
R. L. MeCann 
Frank R. Milliken 


David Swan 


WELCOMING LUNCHEON 
W. J. Turner, Chairman 
Mrs. John P. Dyer 
H. W. Hitzrot 
Rn. D. Mollison 
Ht. G. Moulton 


INFORMAL DANCE 
lra K. Hearn. Chairman 
David T. Steele 
George P. Lutjen 

HOTEL 
Rebert H. Ramsey. Chatrma 
John H. Ffolliott 
Howard Bus W aldron 
Rebert B. Fulton 


INFORMATION 
Alvin Knoerr. Chairmar 
George P. Lutjer 


Theodore Marvin 


COCKTAIL PARTY 
Russell H. W. Chadwick. Chairman 
C. Phillip Jenney 
Joseph \. W iendl 
Arrangements Committee Chairmen 
if the above committees plus Executive 
Committee of New York Section 
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WAY TO CROSS OVER 


flow courses in two-zone wells 


Otis “Selective” Cross-Over Nipple 
Assembly and Wire Line Chokes 


Otis Nipple 


Assembly 
and Type X 
Cross-Over 


Flow Choke 











Otis Type R 
Choke for 


Parallel Flow 


The Otis service truck and the contractof’s 
workover unit shown above are performing 
the same operation — crossing over the flaw 
courses in a two-zone well. The Otis truck is 
on a well in which an Otis “Selective” Crogs- 
Over Nipple Assembly is installed, and the 
Otis wire line crew has pulled an Otis parallel 
low choke from the nipple and is going baek 
in the hole with an Otis cross-over flow choke 
hat will produce the upper zone through the 
ubing and the lower zone through the tubing- 
casing annulus. This is a simple and economical 
method of crossing over flow courses by meafis 
of wire line operations at the surface, at a mini- 
mum of downtime — making it unnecessary to 
kill a well and pull and re-run tubing to cross 
over. The Otis cross-over assembly consists of 
a landing nipple, a tail pipe, and a special sub 
to connect the Otis cross-over head to the 
packer ‘(an Otis Type C, Baker Model D, or 
similar packers’). The assembly is permanent 
sub-surface equipment run with the packer. 
After the packer is set and surface connections 
are made up, either the parallel flow or cross- 
over choke is run in and locked in the nipple, 
using a regular Otis high-pressure lubricator 
and wire line tools 

Before you complete — or recomplete — 
another well in these days of high production 
costs, ask your nearest Otis office for full 
particulars on this equipment. There’s no 
obligation, of course. 


DALLAS e HOUSTON 
ODESSA e CORPUS CHRISTI 
VICTORIA e FALFURRIAS 
LONGVIEW e NEW IBERIA 
HOUMA e SHREVEPORT 
OKLA. CITY e ELK CITY 


OTIS PRESSURE CONTROL, Inc. 


6612 DENTON DRIVE 


BOX 7206 «© TWX DL-220 + DALLAS, TEXAS 








Professional Services 


Thie space available only to AIME members. Rates upon request 





AMSTUTZ AND YATES, INC. 


Petroleum Engineers and Geologists 
Estimotes of Oi! & Gas Reserves 
Property Valuations, Reservoir Analyses 
Geologic Investigations 
406 KFH BLOG., WICHITA 2, KANS 





MICHEL T. HALBOUTY 
CONSULTING GEOLOGIST 
AND PETROLEUM ENGINEER 


Shel! Building 


Houston 2, Texas Phone PR-6376 











JOHN G. CAMPBELL, CHEMIST 
licensed for 
Fiuorometric Analysis of Well Cuttings 


Podbielniok & Charcoal Analyses 
Woters - Oi! Field Brines - Cores 


CORPUS CHRISTI, TEXAS PHONE 4-5612 











CHEMICAL & GEOLOGICAL 
LABORATORIES 


Cc Saante « fh —_ - Evaluati 





Chemical Engineer 
Petroleum Geologist 


Petroleum Engineer 
CASPER, WYOMING 


James G. Crawford 
H. E. Summertord 
F. Raymond Wheeler 
P. O. BOX 279 











| CRUTCHFIELD AND PRUETT 
CONSULTING PETROLEUM ENGINEERS 
Wilson Tower 
CORPUS CHRISTI, TEXAS 


John W. Crutchfield Horton T. Pruett 








DENTON-SPENCER 
COMPANY, LTD. 


CONSULTING PETROLEUM ENGINEERS 


Barron Building Calgory, Alberta 











EARLOUGHER ENGINEERING 


Petroleum Consultants - Core Analyses 


Specializing in Secondary Recovery 
Operations 


Investigations - Appraisals 





| 


311-319 East Fourth Street 
TULSA 3, OKLAHOMA 
Office 2-5129 2-6139 


laboratory 








FITTING & JONES 


Engineering and Geological Consultants 


Petroleum Natural Gos 








RICHARD V. HUGHES 
Secondary Recovery of Oil 
Mining Building Stanford University 
Stanford, Californie 











PETROLEUM CONSULTANTS 


Engineering and Geology 











ERNEST K. PARKS 
CONSULTING PETROLEUM ENGINEER 
Planning, Direction and Examination of 
Oilfield Operations, Estimates of Oi! and 
Gas Reserves, Oil Property Valuetion 
614 S. HOPE STREET, LOS ANGELES 17, CALIF 
Telephone: VanDyke 4659 








WALTER ROSE 


University Station 
AUSTIN, TEXAS 


Box 1581 











E. E. REHN 


Consulting Petroleum Geologist 
Oil Expleration 


Woods Building, 624 Locust Street 


| 











KELLER & PETERSON 


Petroleum Consultants 
Reserve Estimates Property Appraisals 
Petroleum and Geological Engineer 
Reservoir Analysis 
MIDLAND, TEXAS 
P. O. Box 1787 Phone 4-618! 
W. O. Keller L. F. Peterso 











JAMES A. LEWIS ENGINEERING 
Petroleum Reservoir Analysts 


Core Analysis, Relative Permeability 
Restored State, Resistivity, Flood Tests 


INC 


Comprehensive Reservoir Studies 
Pressure Mointenonce, Secondary Recovery 
6923 Snider Plaza P.O. Box 237 


Dallas 5, Texas Evansville 8, Ind 











W. T. MENDELL 


Engineering & Geological Consultant 
Second National Houston, Texas 
Bonk Building CApital 7612 





E. O. Bennett James O. Lewis EVANSVILLE, INDIANA 
D. G. Hawthorn William Hurst 
M. D. Hodges 
1552 Esperson Bidg. Houston, Texas 
SOL SMITH 


CONSULTING ENGINEER 
PETROLEUM AND NATURAL GAS 
Reserves Deliverability 
Oil and Gas Proration 
913 BROWN BUILDING 
AUSTIN, TEXAS PHONE: 89498 











WM. H. SPICE, JR 


Consulting Geologist 
2101-03 Alamo National Building 
SAN ANTONIO 5, TEXAS 











R. W. TESCH 
‘———<" bata ~~ 
Sects “Bldg Fort Worth a 














CLEVELAND O. MOSS 
-ONSULTING PETROLEUM ENGINEER 
Estimates of Ol! and Gas Reserves 

Production Problems—Pror 


on G 
208 “MIDCO BLDG TULSA 3 OKLA 














OILFIELD SERVICE COMPANY 





TRAFFORD & ASSOCIATES 


Geological, Petroleum Engineering ond 
Management Consultants 


E. Trafford Phones 
. be Wales Hotel Bidg eal? 
P Klou 10th Floor 61224 


Calgary, Alberta 63132 














HAROLD VANCE 


N LTING PETROLEUM ENGINEER 





Box 1637 Electric Logs — Gamma Ray — Caliper Per E Der A&M Collece 
223 S. Big Spring St Midland, Texas Ssnsiatata tr tee, College Station, Texas 
CHANUTE. KANSAS 
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EVERYTHING’S UP 
But Tee FeIce... 


The men have gone up. W. R. McClendon, a cementer in 1924, is now Presi- 
dent of the Halliburton Company. J. L. McBride, also a cementer in 1924, is 
now manager of Howco’s North Louisiana, Arkansas, and Mississippi Division. 


The cost of cementing trucks has gone up—from $6,000 in 1924 to more 


than $50,000 today. 


Cementers’ wages have gone up by more than 70‘>. 


Only one element of a cementing job has gone down. The price of the average 


job today is less than it was in 1924! 


nan of the Company 


HALLIBURTON OIL WELL CEMENTING CO. 
Duncan, Oklahoma 

















Rock Bit Performance 


Continued from Page 13, Section | 


12.000 Ib is carried. an 
182 ft sec to 286 ft sec 


nozzle velocity is effec 


case. of less than approximately 


increase of the nozzle velocity from 
offers no advantage. This additional 
tive only when additional weight is applied to the bit or if 
the bit was in a balled up condition prior to the application 
of this additional velocity. 

We believe that this al<o indicates the reason why no gen 
eral figure for minimum effective jet can be 
unless weight, bit type. formation. and all of the other factors 
event. ex 


velocity given 


iffecting bit penetration are also specified. In any 


ception must be taken to the statement that “ . this velocity 
(175 ft 
results obtained on 
well drilling with conventional bits required 


conditions.” Based on 
North 

$615 per 
hits 
maximum 


is inadequate under all 


sec) 
a light contract rig in Texas. a 
cent 


hours and 42 per cent more when com 


drilled offset 
bits in this case was approximately 


there rotating 


pared with a jet well. The velocity 
obtained with the jet 
175 ft see While 


in this case it was certainly not 
this compari-on. it is our belief that jet bits may be economi 


this velocity may not have been adequate 
inadequate. As a result of 
~ generally believed 

* + * 


eally utilized on much smaller rigs than 


California Gas Supply 


Continued from Page 17, Section | 


eation ef current rules and practices to facilitate the supply 


ing of gas service : 


Among the objectives of the proceeding. as expressed in 
was that of assembling and consolidating informa 


of the 


the order 


tien regarding the ability gas utilities to meet the in 


creasing demands occasioned by the national defense and war 
this 


preparation of estimates of gas supply and availability to meet 


needs. Te attain objective. the commission requested 


innual and peak day requirements 
Because the investigation was to be state-wide in scope, and 
because the Commission, in its order. expressed the hope that 
the state-wide cooperative effort to insure maximum avail 
ability of gas throughout the state can be continued and made 
tully 
of the state’s major gas utility companies was formed to pre 


effective “a committee composed of representative- 


pare and consolidate the requested information. 

Phis committee developed forecasts which indicate the need 
tor additional gas supply te meet the state's estimated peak 
day firm demand by the winter of 1952-53. should extreme 
peaking conditions occur coincidentally throughout the state 
as happened in the winter of 1948-49. It is expected that these 
added deliverability 


from present seasonal storage. by development of additional 


requirements can be met by increasing 
storage projects by augmenting present primary supplies, or 
latter 


pursued as the means best suited to the assurance of a 


by a combination of these steps. The course is) being 
lone 
range supply to firm customers 

trad 


have 


As was mentioned at the beginning. Californians are 
The state 


Since » « 
ince the ga 


tional gas customers and the gas industry 


grown up together utility 


marily obligated to supply the demands of their firm users 


companies are pri 


upward trends in population and gas usage are being watche | 
closely. and every effort is being made to keep well ahead o! 


the increasing demands for gas & & @ 
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Weis were cemented from a horse-drawn wagon thirty vears 


ago. That’s how Halliburton began. There soon proved to be a great 





need for the service Halliburton performed, ind the oil industry 
gave its approval to the quality of Halhburton’s service loday, 
Halliburton 1 large organization with highly-trained men and 


modern C¢ pinent he Iping to prod ice OLLIN EVe;ry part oft the world 


I 
where we ire drilled. That's progress by consent of the industry. 
But, no matter how well a service is performed, or however great 


the demand for it, Halliburton will consistently and energetically 


work for further Improvement of it rvice. 


HALLIBURTON ot weLt CEMENTING CO. 


DUNCAN OKLAHOMA 





In Over Half 
Lane-Wells Radioactivity 
a Hundred Well-Logging 
Oil Fields QUANTITATIVE 
INTERPRETATION 


TO OPERATORS 


I; you could know. with reasonable 
accuracy, how much oil you could expect to take 
from your new producer—that would be as good 
as money in the bank, wouldn't it? Well, Lane- 


Wells Radioactivity Well Logging is now doing Ask Your 


just that for operators in more than fifty fields 
Improved techniques of Radioactivity Well Z Well: / 
Logging now permit quantitative interpretation in afie- a S Man. 
many areas, making possible an estimate of the 
amount of fluid-filled porosity of certain oil-bearing 
formations. This estimate is sufficiently accurate 
for all commercial purposes. 
While this service is, at present, limited to cer 
tain formations, it is being extended rapidly to 
other tields where the formation responses allow 
such quantitative interpretation. 
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WELL LOGGING 


General Offices, Export Office los Angeles + Houston +» Oklahoma City 
and Plant + 5610 So. Soto Sf. lane-Wells Canadian Co. in Canada 
Los Angeles 58, California Petro-Tech Service Co. in Venezuela 





